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Introduction

Chapter 1:
Introduction and scope

1.1 History and definition of catalysis
The importance of catalysis is ubiquitous in society. Common catalytic applications
known to the general public comprise exhaust clean-up, which purifies the harmful
gases produced in internal combustion engines, and enzymes, which facilitate the
synthesis of complex molecules in plants and organisms. The practical uses of catalysts
are much broader than that. It is estimated that approximately 85% of the processes in
the chemical industry are enabled by the use of one or more catalysts. It is safe to say
that the chemical industry as we know it would not have developed without the
discovery of catalysis. By definition, a catalyst is a substance that is able to accelerate a
chemical reaction without being consumed or modified by it. Catalysts are usually
employed to allow a reaction to take place at mild temperature and pressure, and to
enhance conversion and selectivity. Catalysts can be heterogeneous (in a different
aggregation state compared to the reactants), homogenous (in the same state of the
reactants) or biocatalysts (enzymes, or enzyme-inspired) [1].
The first example of an industrial use of catalysis can be found in the production of
sulfuric acid in lead chambers with the use of nitric acid as a catalyst in the 18th century
[2]. Catalytic action was first thoroughly described by Davy in 1816, when he noticed
that the combustion of a fuel in oxygen is accelerated if performed on a glowing
platinum wire. In 1835, Swedish scientist Jöns Jacob Berzelius created the word
“catalysis”, and made substantial efforts in developing relations to describe the new
phenomenon he was witnessing [3].
Platinum-based catalysts were soon thereafter employed in the industrial production
of sulfuric acid, to be replaced later by vanadium oxide. The fertilizers manufacturing
industry also took full advantage of the new knowledge, and the Haber-Bosch ammonia
process was developed, using iron oxides as catalysts. The industrial production of
1
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polymers was triggered by the discovery of suitable catalysts, as in the Ziegler-Natta
case [4]. Pharmaceuticals production relies heavily on enantioselective catalysts to
obtain extremely high selectivities and purities [5]. It is worthwhile mentioning that
most industrially-relevant reactions include a heterogeneous catalyst. For instance,
Fischer-Tropsch plants commonly use iron or cobalt supported on silica or alumina [6],
hydrodesulfurization processes employ metal sulfides dispersed on γ-alumina [7] and
steam reforming utilizes nickel supported on aluminum-based oxides [8].
Environmental catalysis was developed to face the pollution issues experienced during
the second half of the 20st century. Severe industrialization and a steep increase in the
number of vehicles on the road meant growing concerns about air quality. These
processes are mainly focused on the removal of sulfur and nitrogen from fuels to
contrast acid rain, and on emission control from mobile sources, a topic that will be
further discussed in Section 1.5. A well-known case is represented by the city of Los
Angeles, where, due to the high number of vehicles and the unique temperature
inversion trap, a harmful layer of photochemical smog had already formed in the 1960s
[9]. Following the 1970 US Federal Clean Air Act and similar measures taken in Europe
and Japan, companies developed new catalytic systems in order to meet the new
restrictions [10]. Thanks to the use of catalysts, the amounts of pollutants released into
the air by mobile sources drastically decreased by 90% [11]. Current regulations
impose even stricter limits in order to decrease the environmental impact of traffic. The
most recent regulation in Europe is the Euro 6 standard, which has been applied
starting from 2015. Vehicle compliance is verified by running the engine in a
standardized test cycle. Non-compliant new vehicles cannot be sold within the
European Union. The Euro 6 regulation sets limits for nitrogen oxides, hydrocarbons,
carbon monoxide and particulate matter for gasoline and diesel engines, as will be
discussed in Section 1.5 in further detail [12]. At the moment, there is no certain
information about the requirements of the next regulation, Euro 7.

1.2 Heterogeneous catalysis
In heterogeneous catalysis, the catalyst is usually in the solid phase, while the reactants
can be in the gas or liquid phase. The main advantage of heterogeneous catalysis over
homogeneous catalysis is the ease of separation of the products from the catalyst, which
simplifies separation procedures. Furthermore, heterogeneous catalysts are usually
more stable from a thermal and mechanical point of view.
2
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Figure 1.1 displays a simplified potential energy diagram of a heterogeneous reaction,
going from gaseous reactants A and B to product P. When uncatalyzed, the reaction
needs to overcome a high energy barrier to combine the reactants in the gas phase. A
high barrier might prevent the reaction from taking place. If a catalyst is present, the
reaction pathway presents different steps: an exothermic adsorption of the reactants
on the catalyst surface is followed by the breaking and creation of bonds, which lead to
the formation of the product. The energy barrier is significantly lowered in this case.
The last step is endothermic, and it involves the desorption of the product from the
catalytic surface. More in detail, the presence of a catalyst is able to influence the
kinetics of a reaction, but not its thermodynamics.

Figure 1.1 Potential energy diagram showing the difference between a non-catalyzed and a
catalyzed heterogeneous reaction between gaseous reactants A and B, to yield product P. The
reaction goes through different steps, namely (1) adsorption, (2) reaction and (3) desorption.

A typical heterogeneous catalyst is composed by a support, which has the function to
offer thermal and mechanical stability, onto which one or more metals are deposited,
with the role of breaking bonds between reactants and form bonds that lead to the
products. The most used supports are oxides, ranging from the simple SiO2, TiO2, Al2O3,
and CeO2 to the more complex zeolites, certain types of spinels and perovskites.
Different supports offer additional advantages. Structured pores of a well-engineered
dimension and shape like in zeolites can provide selectivity towards certain reactants
or certain products [13,14]. Reducible oxides such as CeO2 can actively take part in the
reaction mechanism by providing or withdrawing oxygen [15–17]. Complex oxides can
offer new active sites for reactant adsorption or can aid in bond breaking [18].
The most important metals for catalysis are those of groups 8-11 of the periodic table.
Metal nanoparticles are often prone to sintering, thus leading to catalyst deactivation
due to the loss of active sites [19,20]. The use of a support is therefore required in
3
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heterogeneous catalysis to anchor to the metal nanoparticles and clusters and promote
a stable metal dispersion [21]. Traditionally, the most commonly employed metals are
the so-called “noble” ones, such as platinum, rhodium, palladium and ruthenium. Due
to issues related to availability, environmental issues of mining and price, efforts are
currently paid to find feasible alternatives in more common and cheaper transition
metals. The transition from conventional noble metal-based catalysts can be
successfully achieved by: i) fully replacing the noble metal with a cheaper transition
metal, ii) replacing part of the noble metal with a cheaper transition metal, or iii)
engineering the noble metal phase and the support in order to be able to obtain the
same performance with a smaller quantity of noble metal.

1.3 Cerium dioxide as a support
Cerium dioxide (CeO2) is a widely-used material for specialized applications. It is used
in Solid Oxide Fuel Cells (SOFC) due to its high oxygen ion conductivity at moderate
temperatures (500-800 °C) [22], as solar filter for its transparency to visible light and
its strong UV absorption [23], and in nanomedicine as a radical scavenger [24,25].
Nevertheless, its main industrial use resides in heterogeneous catalysis [26].
Cerium dioxide displays the CaF2 fluorite structure of the space group Fm-3m with a cell
parameter of 5.41 Å at room temperature, consisting of a close-packed array of Ce
cations with oxygen anions occupying the tetrahedral holes. The coordination number
of Ce is 8, while the coordination number of O is 4. Precisely-defined cerium dioxide
nanostructures have been employed as model catalysts in experimental models for indepth characterization or in computational modeling in order to precisely describe
catalytic phenomena [27]. Cerium dioxide displays three common stable surface
terminations, which are characterized by the indexes (111), (110) and (100). The
surface energies increase in the order (111) < (110) < (100). The most stable (111)
surface shows a compact network of uninterrupted Ce-O bonds, whereas the (110) and
(100) surfaces display separate rows of CeO2 units [28,29], as shown in Figure 1.2.
A wide array of synthetic techniques can be employed to prepare nanostructures for
the purpose of model studies and to customize the support properties. Hydrothermal
treating and has proved to be a valid method to obtain both nanorods of different aspect
ratios and nanocubes [30–33], while polyhedra can easily be synthesized with aerosolbased methods [34–36]. Generally speaking, a high surface area is a requirement for a
catalyst support, in order to maximize the interaction with the reactants. Unfortunately,
due to its density, CeO2 often is a low surface area material; a few synthetic strategies
4

Introduction

to increase the surface area are however available, such as the use of templates or the
employment of aerosol techniques [37,38].

Figure 1.2: bulk truncated structures (side view) of: a) CeO2(111), b) CeO2(110), and c)
CeO2(100), with white spheres representing cerium and gray spheres representing oxygen,
adapted from [27].

Different nanostructures are known to adopt different surface terminations.
Conventionally, there was agreement about nanorods selectively exposing the (110)
surface, nanocubes exposing the (100) surface, and polyhedra exposing the (111)
surface. The development of more advanced electron microscopes has allowed the
identification of the (111) surface as the termination selectively exposed by CeO 2
nanorods [20,39]. In recent years, plenty of studies have demonstrated the surfacespecific properties of pure CeO2 in environmentally-relevant reactions such as soot
oxidation [40,41], the water-gas shift (WGS) reaction [39,42], CO oxidation [30,43] and
methane reforming [44]. The remarkable reactivity differences can be explained by the
diverse surface species that the CeO2 surface terminations can expose, which in turn
lead to different adsorption properties [45–47].
An outstanding property of CeO2 lies in its ability to support and disperse very small
noble metals nanoparticles, clusters and even single atoms. The stabilization of noble
metals on the surface is crucial, since it can prevent deactivation, as already discussed
in Section 1.2. The interaction between cerium dioxide and noble metals has been
shown to be structure-specific [48]. The group of Maria Flytzani-Stephanopoulos has
thoroughly studied the surface chemistry of Au/CeO2 samples, establishing that on CeO2
nanorods, sub-nanometer gold species can be deposited creating a very active catalyst
in the WGS reaction, while on CeO2 nanocubes particles of about 3 nm are formed,
showing poor reactivity in the same reaction [49,50]. At high temperatures, metal
particles have the tendency to agglomerate via Ostwald ripening phenomena. Jones et
al. were able to prevent this outcome by including CeO2 nanostructures such as
nanorods in the catalyst, which successfully trapped the mobile metal species and
allowed to inhibit the deactivation process [20].
Since decades ago, cerium dioxide has been employed as a support or as a promoter
due to its oxygen storage capacity (OSC). This property derives from the ability of the
5
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Ce cation to reversibly switch between the stable 4+ state and the 3+ state due to
changes in temperature, oxygen partial pressure or electric fields without relevant
modifications to its crystal structure. As a consequence, CeO2 can include and release
oxygen, thus supporting oxidation reactions with active oxygen species via a Mars-van
Krevelen mechanism, rather than a Langmuir-Hinshelwood process, as previously
proved via isotope-exchange techniques [51,52]. CeO2 nanostructures are
characterized by a higher OSC than bulk CeO2, due to the higher amount of
uncoordinated surface sites in nanostructures [53,54]. There have been reports on the
higher concentration of defects and oxygen vacancies on CeO2 nanorods [55–57]
compared to other nanostructures, but it is safe to state that the preparation method
might have a strong effect as well [58]. A practical example of the use of the OSC of CeO 2
can be found in exhaust treatment of mobile sources. CeO2 is able to provide oxygen to
reaction intermediates during the oxygen-deficient section of the cycle, aiding in the
oxidation of CO and unburnt hydrocarbons and producing oxygen-depleted CeO2-x [59].
The partially-reduced CeO2-x is then regenerated by reacting with water or oxygen
during the oxygen-rich section of the cycle, while reducing NOx at the same time.
The OSC can be enhanced by doping CeO2 with metals such as zirconium, copper, iron,
manganese, yttrium and lanthanum [16,60–62]. It was proved that when the dopant is
a lower-valent cation, numerous oxygen vacancies will be formed due to charge
compensation effects, thus making lattice oxygen easier to abstract [63]. The formation
of a homogeneous solid solution is beneficial in terms of low temperature reactivity,
compared to the creation of segregated oxides [61,64,65]. As underlined by Qi et al., the
formation of CuO-rich areas took place at Cu loadings higher than 30% molar, which
proved to be disadvantageous for low-temperature CO oxidation [66]. Many research
groups have studied the influence of the dopant nature, ionic radius, oxidation state,
electronegativity, synthetic procedure and loading on the textural properties of the final
catalyst and on its catalytic performance [65,67–69]. The formation of stable Ce4+/Ce3+
and Cu2+/Cu+ redox couples was deemed responsible of the excellent low temperature
CO oxidation activity [70].
Moreover, due to the increasing use of cerium dioxide in the nanomedicine field,
concerns have been raised related to its safety. There have been contradictory studies
on the effect that the OSC has on human cells: some researchers state that this property
helps decomposing free radicals, while other studies advocate that the free radicals
formation is actually promoted by nano-CeO2 [71,72]. Most likely, the surface
properties, morphology, aspect ratio and size of the nanoparticles have very diverse
effects, which suggests that there is a strong need of in-depth studies on the correlation
between the aforementioned properties and cell response [73].
6
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1.4 The importance of metal-support interaction
As described in Section 1.2, supporting the metal of choice on a metal oxide always
offers significant benefits in terms of metal anchoring and stability. An additional
phenomenon that has been extensively discussed in literature is the strong metalsupport interaction (SMSI), which was first described by Tauster in 1978 while
studying catalysts composed of Iridium supported on reducible oxides [74]. SMSI can
be described as the electronic interactions that take place between a metal and a
reducible support [75]. Establishing a successful metal-support interaction enhances
metal dispersion, which in turn ensures full use of the metal loading [76]. Without a
significant metal-support interaction, part of the metal may be trapped in the bulk of
bigger particles, thus preventing the reactants to reach it. A higher metal dispersion has
previously been demonstrated to be beneficial for catalytic activity [77,78]. Recent
developments have reported the characterization of catalysts displaying single atoms
on a strongly-stabilizing support [76,79,80]. Pacchioni pointed out that as the size of a
nanocluster increases, its metallic character increases, while the influence of the metal
decreases [81]. Conversely, single sites are often stabilized on reducible supports in a
highly interacting cationic state [53,75]. Even though single atoms catalysts are
attractive due to the smarter use of the often expensive metals, deactivation is often a
serious issue. Single metal atoms and small clusters can easily deactivate by coalescence
[82,83], which can be prevented by choosing a strongly-interacting support [77,84,85].
The interaction between CeO2 and noble metals has since long ago been recognized and
utilized. The presence of noble metal nanoparticles on its surface creates interfacial
species which facilitate hydrogen spillover and oxygen removal at lower temperature
compared to pure CeO2 [86,87]. Its surface is able to stabilize noble metal clusters and
single atoms by creating strong bonds with them and stabilizing cationic metal sites via
SMSI [88,89]. In the presence of oxygen vacancies and surface defects, the adhesion
energy of the metal to the surface increases, discouraging the diffusion of noble metal
atoms on the surface and their clustering [53]. In the case of nanoparticles, the atoms
that decorate the interface between the metal and the cerium dioxide support display a
unique activity, and directly participate in the catalytic reactions [90–93]. Deactivation
by coalescence can be initiated at high temperatures, but a suitable anchoring site like
an additional metal or reducible support such as CeO2 can stop the mobile metal atoms
from sintering by trapping them [20,94]. A similar strategy was adopted by Pilger et al.,
who included Pt atoms in the CeO2 lattice via a polyol-mediated synthetic procedure,
which yielded stable structures. The high value of the activation energy for Pt
aggregation (approximately 300 kJ/mol) is indicative of the high stability of the highly7
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dispersed species due to the strong interaction with the cerium dioxide lattice [89]. As
mentioned in Section 1.3, cerium dioxide is able to create very specific interactions with
noble metals. By engineering the metal-support interaction it is possible to decrease
noble metal use, which is beneficial both from an economic and environmental point of
view [87]. A computational study discussed the effect of the deposition of a Pt 8 cluster
on CeO2 nanoparticles of different size, establishing that the presence of the cluster
facilitated the electron transfer from the metal to the support and promoted the
formation of oxygen vacancies only on Ce21O42 nanoparticles. Conversely, the oxygen
vacancy formation energy was increased when the Pt8 cluster was deposited on bulkier
Ce40O80, thus proving the specificity of the noble metal-cerium dioxide interaction [54].
A recent study reported room temperature-active catalysts composed of Pt deposited
on nanostructured CeO2. The authors were able to determine that the high activity in
CO oxidation and absence of deactivation can be explained by the formation of
elongated Pt-O-Ce bonds, which prevent the Pt from being completely reduced. The
active phase thus results being located at the interface between the noble metal and the
oxidic support [95]. The formation of stable Pt-O-Ce species is considered to be the
determining factor in deactivation prevention also by Nagai et al., while Pd-O-Ce bonds
were shown to be the active phase for NOx dissociation and CO activation in many
studies [96–99].

1.5 The Three-Way Catalyst
Transportation is an essential activity in modern society, and it constitutes one of the
largest sources of pollution. Since the 1970s, government bodies have issued stricter
regulations with the purpose of improving air quality. As a consequence, car
manufacturers have intensified research endeavors, and developed more active and
more selective catalysts. The typical composition of a gasoline engine exhaust is
reported in Table 1.1. The main sources of concern are represented by carbon
monoxide, unburnt hydrocarbons (HC) and nitrogen oxides (mainly NO and NO 2). The
first two components are generated by incomplete fuel combustion, while the latter is
produced by thermal recombination of nitrogen and oxygen from air. Diesel-powered
engines emit larger amounts of nitrogen oxides and, in addition soot, which can be
explained with the diesel combustion taking place in more oxidative conditions [100].
The first European exhaust emission standard for passenger vehicles was introduced
in 1970, in 1992 the Euro 1 regulation was approved, and actively implemented starting
from January 1993. Since then, the requirements have regularly been improved. The
standards for emissions for gasoline-powered and diesel-powered engines are
8
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reported in Table 1.2 and Table 1.3, which clearly shows how stringent the emission
standards have become during the last 30 years.
Table 1.1: Representative composition of a gasoline engine exhaust [101].
Compound

Quantity

CO

0.5% vol

Unburnt hydrocarbons

350 ppmv

NOx

900 ppmv

H2

0.17% vol

CO2

10% vol

O2

0.5% vol

N2

rest

Table 1.2: Requirements on emissions from gasoline engines according to European regulations;
for Euro 1 and 2, the values for HC and NOx were issued as a sum of the two; all the values are
expressed in g/km [12].
Euro 1

Euro 2

Euro 3

Euro 4

Euro 5

Euro 6

(Jan 1993)

(Jan 1997)

(Jan 2001)

(Jan 2006)

(Jan 2011)

(Sept 2015)

CO

2.72

2.2

2.3

1.0

1.0

1.0

HC

0.97

0.5

0.2

0.1

0.1

0.1

NOx

0.97

0.5

1.5

0.08

0.06

0.06

PM

N.A.

N.A.

N.A.

N.A.

0.005

0.005

Table 1.3: Requirements on emissions from diesel engines according to European regulations;
for Euro 1 and 2, the values for HC and NOx were issued as a sum of the two; all the values are
expressed in g/km [12].
Euro 1

Euro 2

Euro 3

Euro 4

Euro 5

Euro 6

(Jan 1993)

(Jan 1997)

(Jan 2001)

(Jan 2006)

(Jan 2011)

(Sept 2015)

CO

2.72

1.0

0.64

0.50

0.50

0.50

HC

0.97

0.7

0.56

0.3

0.23

0.17

NOx

0.97

0.7

0.50

0.25

0.18

0.08

PM

0.14

0.08

0.05

0.025

0.005

0.005
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All these compounds are a cause of environmental pollution and represent a serious
threat to human health. The recombination of NOx and hydrocarbons in the presence of
oxygen gives rise to the formation of ozone and harmful compounds such as
peroxyacetylnitrate (PAN) and aldehydes, which are the main contributors of
photochemical smog and urban pollution [102,103].
With the aim of converting these product into less harmful species, the Three-Way
Catalyst (TWC) has been developed for gasoline exhaust treatment. Even though there
are significant variations in the formulations, certain key-points are usually common
among them. The TWC typically consists of a honeycomb-structured cordierite
monolith with a very small thermal expansion coefficient, a high surface area oxide with
remarkable oxygen storage properties coated on the monolith, one or more platinum
group metals and, potentially, an additional metal oxide with the role of promoter
[102,104]. Overall, the exhaust environment is quite a challenging one. The TWC needs
to be able to withstand the presence of poisons (e.g. sulfur species), thermal excursions
up to 1000 °C, severe mechanical vibrations and pressure changes due to gas flow
pulses [105]. Due to its optimized formulation, the TWC is typically able to oxidize CO
and unburnt hydrocarbons, and to reduce nitrogen oxides. A proper Air/Fuel Ratio
(AFR) control is essential for a good engine performance [106]. For this purpose, three
devices are needed: 1) electronic fuel injection (EFI), to precisely dose the amount of
fuel in order to keep the AFR around a stoichiometric value, 2) an oxygen sensor to
measure the oxygen amount, and 3) a microprocessor to control a feedback-loop to
determine the amount of fuel to be injected to maintain the exhaust composition close
to stoichiometry [107]. For a gasoline engine, a stoichiometric AFR amounts to 14.6:1,
which means 14.6 parts of air to one part of fuel [108]. A mixture with an AFR lower
than stoichiometric is defined “rich”, while a mixture with an AFR higher than
stoichiometric is defined “lean”. An abundance of air is beneficial to the oxidation
reactions that convert CO and hydrocarbons to CO2 and H2O, while it is detrimental to
the reduction of NOx, and vice versa. The addition of CeO2 helps in the fluctuations
between lean and rich conditions of the exhaust composition by providing oxygen to
the reaction during a rich phase and restoring it in the lattice during a lean phase [101].
Many formulations actually include a cerium-zirconium oxide, not only due the increase
in OSC, as discussed in Section 1.3, but also to increase the thermal stability of the ceria
phase, which is often insufficient for this type of applications [16,109,110]. Moreover,
since a higher surface area allows for more dispersed active sites, research has also
concentrated on the engineering of cerium dioxide to obtain a higher surface area [104].
Platinum group metals have been employed since the 1970s as active components in
TWC technology. For instance, a typical formulation may include Pt and Rh in various
10
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ratios, often with a noble metal loading ranging from 0.9 to 2.2 g/L catalyst volume [2].
Rhodium has often been chosen due to its exceptional ability to break the NO bond
[102,111]. Unfortunately, platinum and especially rhodium are extremely rare and
expensive, and other noble metals like ruthenium and iridium, even if active, are usually
not employed, due to the volatility of their oxides at high temperature [102]. A
remarkable amount of effort has been paid to find a suitable replacement for these
formulations, and many research groups have identified palladium as a possible
candidate due to its slightly higher availability [112–114]. A few current applications
already make use of this technology, especially as “light-off catalysts”, with a loading
ranging from 1.8 to 19.0 g/L catalyst volume [2].
An additional challenge that needs to be addressed by research is the poor performance
of the TWC at low temperatures, for instance immediately after the engine has started.
This issue is named “cold start problem”. Due to the inferior performance in these
conditions, a higher fuel consumption can be expected and a considerable amount of
noxious emissions is released in the environment before the temperature increases in
the catalyst bed due to the exothermic combustion reaction. For this reason, new
catalyst formulations which are highly active at low temperatures need to be developed.
The decomposition of NOx into inert N2 typically takes place at high temperatures, while
the cold start conditions product in the presence of O 2 is mainly N2O, which is a toxic
compound and one of the strongest greenhouse gases [103]. This issue requires the
catalyst to display high selectivity towards N2 at low temperatures [104,115].
Overall, the reactions taking place in a catalytic converter are very complex, but a
scheme can be exemplified as follows:
CO + ½ O2 ⟶ CO2

(1.1)

HC + O2 ⟶ CO2 + H2O

(1.2)

H2 + ½ O2 ⟶ H2O

(1.3)

HC + NO ⟶ N2 + CO2 + H2O

(1.4)

NO + H2 ⟶ N2 + H2O

(1.5)

CO + NO ⟶ N2 + CO2

(1.6)

Moreover, incomplete combustion of hydrocarbons can lead to the production of CO as
well. Equation 1.6 is especially interesting, since it can lead to two different types of
products, as illustrated in Equation 1.7 and 1.8. As previously underlined, N2 is the most
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common product of NO decomposition, while in cold start conditions N2O is the main
product:
CO + NO ⟶ ½ N2 + CO2

(1.7)

CO + 2 NO ⟶ N2O + CO2

(1.8)

CO + N2O ⟶ N2 + CO2

(1.9)

In addition to the equations listed above, the WGS reaction and reforming processes are
also known to play a role, which explains the presence of hydrogen in the exhaust.

1.6 Aim and scope
The objective of this work is to evaluate the surface-specific interactions in Pd/CeO2
catalysts, specifically the interaction between palladium nanoparticles, clusters and
single atoms and cerium oxide nanostructures and its impact on the catalytic
performance. The work comprises the synthesis, characterization and catalytic
performance evaluation of a number of innovative model catalysts. The outcomes
include improved control in the hydrothermal synthesis of ceria nanostructures and a
display of the great potential of flame-spray pyrolysis (FSP) in catalyst synthesis.
Palladium was either deposited with a wet impregnation procedure, or introduced with
the cerium oxide support. In order to increase the OSC and, consequently, the catalytic
performance of the catalysts, we doped the cerium dioxide with transition metals such
as iron and copper. We performed reactions relevant to environmental catalysis such
as CO oxidation, soot oxidation and NO reduction processes in order to define structureperformance relationships, with a focus on the understanding of the nature of the active
phase and the metal-support interaction. In order to deepen our insight, we coupled in
situ experimental methods with DFT calculations.
In Chapter 2 we discuss the deposition of palladium on cerium dioxide nanorods
selectively exposing the (111) surface to prepare a catalyst displaying high catalytic
activity in CO oxidation. The use of advanced techniques such as aberration corrected
electron microscopy and in situ infrared spectroscopy complemented by detailed DFT
calculations allow us to determine the existence of a majority of highly dynamic Pd
single sites, and to reveal the real reaction mechanism for CO oxidation.
This discourse is broadened in Chapter 3, where the results of the previous chapter are
compared to a situation in which palladium is deposited on cerium dioxide nanocubes
12
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exposing the (100) surface. In situ techniques are paired with DFT methods to draw a
full picture of the interaction between palladium and the support. The lower CO
oxidation activity at low temperatures is explained by predominance of different
reaction mechanisms on the two Pd/CeO2 model catalysts and by the existence of
geometrical restraints and high activation energy barriers.
Chapter 4 discusses the unusually high CO oxidation activity at temperatures lower than

100 °C displayed by FSP-made catalysts, compared to the sample discussed in Chapter
2. The high surface area of the support and the tight contact with palladium are deemed
to be responsible for the increased catalytic activity, as evaluated by structural
characterization performed by in situ techniques.
In Chapter 5 we explore the advantages of iron doping in terms of enhanced catalytic
activity. FSP-made cerium dioxide is doped with iron in a broad compositional range.
Detailed textural characterization determine that iron is mostly homogeneously
dispersed in the cerium dioxide lattice, increasing the availability of surface oxygen at
low temperatures. This has a strongly positive effect on the catalytic activity in soot
oxidation and in TWC model reactions.
Chapter 6 presents a thorough study on the active phase in TWC model reactions.

Copper is either doped in the cerium lattice, generating a homogeneous solid solution
until high loadings, or impregnated on the surface. These samples, with the addition of
impregnated palladium, display an unprecedented selectivity in TWC model reactions.
The active phase is studied with in situ EXAFS, and it is determined that under reaction
conditions, Pd-Pd and Pd-Cu species reversibly form on the surface.
Chapter 7 addresses the growing concerns that the use of nanomaterials pose to the

scientific community and the general public. Cerium dioxide of different morphology,
size and aspect ratio is synthesized, and a combination of physicochemical techniques
and cytotoxicity studies on lung cells provide us with more information about the
behavior of these nanoparticles in biological media and about their interaction with
human cells.
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Chapter 2:
Atomically Dispersed Pd−O Species on CeO2(111)
as Highly Active Sites for Low-Temperature CO
Oxidation

Abstract

Ceria-supported Pd is a promising heterogeneous catalyst for CO oxidation relevant to
environmental cleanup reactions. Pd loaded onto a nanorod form of ceria exposing
predominantly (111) facets is already active at 50 °C. Here we report a combination of
CO-FTIR spectroscopy and theoretical calculations that allows assigning different forms
of Pd on the CeO2(111) surface during reaction conditions. Single Pd atoms stabilized
in the form of PdO and PdO2 in a CO/O2 atmosphere participate in a catalytic cycle
involving very low activation barriers for CO oxidation. The presence of single Pd atoms
on the Pd/CeO2-nanorod, corroborated by aberration-corrected TEM and CO-FTIR
spectroscopy, is considered pivotal to its high CO oxidation activity.

This chapter has been published as: Spezzati G., Su, Y., Hofmann J.P., Benavidez A.D.,
DeLaRiva A.T., McCabe J., Datye A.K., Hensen E.J.M., ACS Catalysis, 2017, 7, 6887-6891
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2.1 Introduction
Three-way catalysts for automotive exhaust emissions convert harmful gases such as
CO, NOx and hydrocarbons into harmless gases. The catalyst layer contains platinum,
rhodium and palladium on alumina and ceria-zirconia carriers [1,2]. Palladium can
replace the more expensive platinum and is, in combination with ceria, essential for
low-temperature oxidation performance of CO and hydrocarbons [3,4]. Thermal
sintering of the Pd atoms, clusters, and nanoparticles via Ostwald ripening is the cause
of deactivation of these catalysts during prolonged operation [5,6]. The synergy
between palladium and ceria is relevant to several chemical reactions [3,4,6,7]. For lowtemperature CO oxidation, high dispersion of palladium on the ceria surface appears to
be crucial [8]. It is usually assumed that metallic Pd clusters and nanoparticles are the
active components for CO oxidation. There is, however, increasing evidence that single
atoms or very small clusters of Au, Pt and Rh have distinct advantages in CO oxidation
catalysis, especially in connection with ceria as a carrier that can easily supply oxygen
atoms [9,10]. Many of these studies made use of novel preparation methods to increase
the amount of isolated or highly dispersed metal atoms on the support [11,12]. For
instance, Flytzani-Stephanopoulos used cyanide-leaching to remove metallic Au
particles from Au/CeO2, with the remaining gold cations interacting strongly with ceria
and displaying high activity in CO oxidation and the water-gas shift reaction [13]. The
same group emphasized the role of single Pt atoms stabilized by alkali ions in obtaining
highly active CO oxidation catalysts [14]. On the contrary, Stair et al. reported that single
Pt atoms supported on TiO2 and SiO2 are not active in low-temperature CO oxidation,
as they bind CO too strongly. Instead, very small sub-nanometer Pt clusters were
identified as the active phase for CO oxidation [15]. Datye and co-workers recently
demonstrated that volatile Pt-oxides can be trapped on ceria in ionic form at high
temperature. The resulting catalysts contain atomically dispersed Pt with high thermal
stability, because the metal atoms are trapped in stable binding sites of ceria [16]. But
these ionic Pt sites are not active for low-temperature CO oxidation in agreement with
the results from the Stair group.
In contrast, much higher CO oxidation activity was demonstrated by highly dispersed
Rh-oxide clusters supported on ceria compared with metallic Rh particles [17].
Quantum-chemical calculations show how lattice O atoms of ceria are involved in the
catalytic cycle of CO oxidation by such Rh-oxide clusters [18]. Likewise, it was proposed
that isolated Pd oxide supported on La-modified alumina was more active than metallic
metal clusters [19]. These isolated Pd species transformed easily into metallic Pd
particles, losing catalytic activity.
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While Pd/CeO2 is known to be active and stable for low-temperature CO oxidation, the
nature of the active sites has not been conclusively established. Here, we will show that,
during low temperature CO oxidation, Pd can be stabilized as single atoms on the (111)
facet of ceria using conventional preparation techniques. Such high dispersion of Pt and
Pd by simple wet impregnation can for instance also be achieved on an alumina support
[19,20]. As mentioned before, also CeO2 can stabilize single noble metal atoms on its
surface [16]. In our case, these Pd atoms are stable under reaction conditions and
contribute substantially to the CO oxidation activity of Pd/CeO 2. We selected
nanostructured ceria nanorods, because they expose prominent (111) facets, which are
the most stable surfaces of ceria [21].

2.2 Experimental
2.2.1

Materials and synthesis

Ce(NO3)3·6H2O (99.5% purity) was purchased from Alfa Aesar. Pd(NO3)2·2H2O (40% Pd
basis), NaOH (reagent grade, ≥98%) and ethanol were purchased from Sigma Aldrich.
All compounds were used without further purification. Hydrothermal synthesis of ceria
nanorods was performed following the procedure detailed by Mai et al. [22]. An
aqueous solution of 5 mL of Ce(NO3)3·6H2O (5 mM) was prepared using demineralized
water. 24 g of NaOH were dissolved in 35 mL of deionized water. The two solutions
were poured together at room temperature and stirred for 1 hour. The formation of a
milky slurry was immediately visible. The slurry was poured in a 125 mL Teflon liner,
followed by addition of demineralized water to reach a final volume of 100 mL. The
liner was inserted in a stainless-steel autoclave, which was sealed and positioned in an
oven. The hydrothermal treatment temperature and time were 100°C and 24 h. The
autoclave was quenched in a water bath. The slurry was transferred to centrifugation
vials to separate the solid from the liquid, and the precipitate was washed with water
(4 times) and with ethanol (2 times). The resulting solid was dried at 80°C for 2 h in a
vacuum oven and then calcined at 500°C for 4 h in a 20/80 (v/v) O 2/He flow. Palladium
was deposited onto the CeO2 nanostructure via a conventional wet impregnation
method with Pd(NO3)2·2H2O as the palladium precursor. A suitable amount of Pd
precursor was dissolved in demineralized water and the solution was poured on the
ceria support. The resulting dispersion was vigorously stirred for 30 min and then the
water was slowly evaporated by heating the solution while stirring. The resulting solid
was then dried and calcined at 300°C for 4 h in a 20/80 (v/v) O 2/He flow. The final Pd
loading was 1 wt%.
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2.2.2

Textural characterization

XRD patterns were recorded on a Bruker D2 Phaser powder diffraction system using
Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02° in the 2θ range
= 10-90°. The samples display the typical the diffraction peaks of the cubic fluorite
structure and space group Fm-3m reported in literature [21].
N2 physisorption was performed at 77 K on a Micromeritics TriStar II 3020 instrument.
Typically, 200 mg of sample were transferred in a glass sample tube. The sample was
previously heated to 120°C under a N2 flow overnight to desorb water and impurities.
The Brunauer-Emmet-Teller method was used to determine the surface area. The CeO2rod sample displayed a surface area of 78 m2/g.
The Pd loading was determined using a Spectroblue, AMETEK Inc. ICP-OES instrument.
Typically, 50 mg of sample was dissolved in 5 mL concentrated H2SO4. The mixture was
stirred and heated at 150°C until the sample was fully solubilized.
TEM measurements were performed on a FEI Tecnai 20 electron microscope at an
electron acceleration voltage of 200 kV with a LaB6 filament. A few milligrams of sample
were ultra-sonicated and dispersed over a carbon-coated Cu grid. The average particle
size and particle size distribution was determined by measuring a high number of
particles.
AC-TEM images were recorded with an aberration-corrected JEOL200F TEM using an
electron acceleration voltage at 200 kV. The powdered samples were dispersed on
holey carbon deposited in Cu TEM grids.

2.2.3

Infrared spectroscopy

FTIR measurements were performed on a home-built in-situ setup employing a Bruker
Vertex 70v instrument with a DTGS detector for the collection of FTIR spectra.
Typically, 32 scans with a resolution of 2 cm−1 in the 4000-1000 cm−1 range were
averaged. The background was collected with the empty cell. Self-supporting pellets
were made by pressing approximately 20 mg of the sample and then transferred into
the home-built transmission cell. The sample was previously calcined in-situ under air
flow with a rate of 10°C/min to 300°C (dwelling time 30 minutes). The sample was
outgassed until a residual pressure of 5 x 10−5 mbar was reached. In one experiment,
the sample was cooled to 50°C in vacuum while in another one pure O2 was added until
a pressure of 2 mbar before cooling to 50°C. The sample was then subjected to pulses
of CO. CO was introduced via a sample loop (10 µL) connected to a six-port sampling
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valve. CO was pulsed until saturation was reached as observed by saturation of the CO
IR adsorption bands.

2.2.4

Catalytic activity measurements

CO oxidation activity measurements were performed in a high-throughput setup with
10 parallel channels. The samples were sieved to a fraction of 125-250 μm. Each quartz
reactor was filled with 50 mg of sample diluted with 200 mg of SiC of the same sieve
fraction. The mixture was enclosed between two quartz wool plugs. The reaction was
performed at atmospheric pressure. The catalyst was calcined in-situ before the
measurement, with a flow of 20/80 (v/v) O2/He (50 mL/min STP total flow for each
reactor), a temperature ramp to 300°C and a dwell time of 3 h. The feed gas flow
amounted to 2 vol% CO and 2 vol% O2 balanced with He (total flow 50 mL/min STP).
The effluent gas was analyzed by online gas chromatography with an Interscience
Compact GC equipped with Porapak Q (TCD) and Molecular sieve 5A (TCD) columns.

2.2.5

DFT calculations

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) [23]
functional as implemented in the Vienna Ab Initio Simulation (VASP) package [24,25]
was adopted. A Hubbard term U was added to the PBE functional (DFT + U) employing
the rotationally invariant formalism by Dudarev et al. [26] in which only the difference
(Ueff = U − J) between the Coulomb U and exchange J parameters enters. Spin-polarized
calculations were performed. The projector augmented wave (PAW) method [27,28]
was used to describe the interaction between the ions and the electrons with the frozencore approximation. The Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p) and Pd (4p, 4d, 5s) electrons
were treated as valence states using a plane-wave basis set with a kinetic energy cut off
of 400 eV. For Ce, a value of Ueff = 4.5 eV was used, which was calculated self-consistently
by Fabris et al. [29] using the linear response approach of Cococcioni and de Gironcoli
[30]. This value is within 3.0-5.5 eV range reported to provide localization of the
electrons in the Ce 4f orbital left upon oxygen removal from CeO 2 [31]. For all
calculations, the model was a periodic slab with a (4×4) surface unit cell, while for the
Brillouin zone integration, a Monkhorst-Pack 1×1×1 mesh was used [32]. Previous
work demonstrated that a higher k-point mesh led to a negligible energy difference. The
CeO2(111) surface was two layers thick, and the vacuum gap was set at 15 Å. The bulk
equilibrium lattice constant (5.49 Å) previously calculated by PBE+U (Ueff = 4.5 eV) was
used. The bottom layer was fixed to its bulk position and only the top layer was allowed
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to relax. Atoms were relaxed until forces were smaller than 0.05 eV Å−1. The location
and energy of transition states were calculated with the climbing-image nudged elastic
band (CI-NEB) method [33].

2.3 Results and discussion
We loaded the nanorod-shaped CeO2 support with 1 wt% Pd using its nitrate salt by
incipient wetness impregnation followed by calcination at 300°C in air. Figure 2.1a
shows the CO oxidation activity as a function of the temperature for the blank CeO 2rods and the Pd/CeO2-rods. While the support alone shows negligible activity at low
temperature, the Pd/CeO2-rod catalyst is able to achieve full CO conversion at
temperatures as low as 125°C. Notably, Pd/CeO2-rod is already active at 50°C, a
temperature which we will employ below to study the catalytic surface by IR
spectroscopy after adsorption of CO. The higher catalytic activity of CeO 2 nanorodsbased catalysts compared to other CeO2 nanostructures in many reactions has already
been reported by many research groups. Soler et al. demonstrated that a higher activity
in CO oxidation can be obtained by depositing noble metals on CeO 2 nanorods, rather
than on nanocubes or other nanostructures [34]. Wu et al. studied the CO oxidation
activity of bare CeO2 nanostructures and confirmed that nanorods have a higher activity
compared to nanocubes and polyhedra [35]. Peng et al. showed that rod-shaped
Pt/CeO2 was remarkably more active than cube-shaped Pt/CeO2 or polyhedra-shaped
Pt/CeO2 in toluene oxidation [36]. Hsiao et al. studied Rh/CeO2 and determined that
rod-shaped catalysts show higher activity in ethanol reforming and higher hydrogen
selectivity [37]. To investigate the origin of the high reactivity of Pd/ceria nanorods we
utilized aberration-corrected scanning transmission electron microscopy (AC-STEM) of
2 wt% Pd. Figure 2.1b shows bare ceria nanorods confirming the exposed (111) facet.
Figure 2.1c shows that no Pd clusters or particles were observed on ceria nanorods in
their oxidized state, after calcination in air at 300⁰C. This strongly suggests that Pd is
present in highly dispersed form on the nanorod-shaped ceria support. There is a
complete absence of any three dimensional structures of PdO, and the atomically
dispersed PdO is not easy to image due to low contrast compared with the high atomic
number ceria support. The presence of a highly-dispersed Pd phase is corroborated by
EXAFS, which shows the lack of Pd-Pd coordination in the oxidized catalyst (see
Supporting Information). In contrast, when the Pd/ceria nanorod is subjected to
reducing environments at 300°C, we observe well-defined Pd nanoparticles on the ceria
surface (Figure 2.1d).
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Figure 2.1: (a) CO oxidation on (solid line) CeO2-rods and (dashed line) Pd/CeO2-rod, (b) ACTEM image of CeO2 nanorods showing exposed (111) facets, (c) AC-TEM image of Pd/CeO2-rod
after air calcination at 300°C showing the absence of particles and (d) AC-TEM image of the
Pd/CeO2-rod sample after reduction at 300°C showing a well-defined metallic Pd nanoparticle.

We employed in situ transmission FTIR spectroscopy to characterize the palladium
phase in the Pd/CeO2-rod sample using CO as a probe molecule. The sample as a selfsupporting pellet was first calcined at 300°C in O 2, evacuated and then cooled to 50°C.
Figure 2.2 shows IR spectra with increasing CO pressure (CO administered as pulses).
The initial spectrum contains bands at 2138 cm−1, 2090 cm−1, 1975 cm−1 and a broad
band below 1900 cm−1. The intensity of most of these bands increases with CO pressure.
The strongest increase is observed for the 2090 cm −1 band, which shifts to 2086 cm−1.
The band at 2138 cm−1 quickly disappears after a few CO pulses. We speculate that these
changes are due to the reduction of a Pd-oxide phase into metallic Pd structures. The
bands at 1950 cm−1 and in the 1850-1900 cm−1 region can be assigned to bridge and
three-fold adsorbed CO on metallic Pd, respectively [38–40]. The band at 2086 cm−1 has
been assigned before to linearly adsorbed CO on a highly dispersed electron-deficient
Pd phase in strong interaction with CeO2 [4,38]. DFT calculations show that CO
adsorption on Pd clusters can give rise to such vibrational frequencies (Figure 2.3). CO2
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is also formed during exposure to CO, indicating that CO reduces the catalytic surface
already at 50 °C.
The CO FTIR spectrum of the same catalyst reduced in H 2 at 300°C (blue spectrum in
Figure 2.2) is different: pronounced bands at 2065 cm−1, 1950 cm−1 and at lower
wavenumbers due to linear and bridge-bonded CO on extended Pd metal surfaces (see
Figure 2.3) emphasize the formation of larger particles in comparison to the case
where the catalyst was reduced in CO at 50°C. Figure 2.1d shows confirmation of this
change through the formation of well-defined metallic nanoparticles on the ceria
surface. The bands at 2160 cm−1 and 2125 cm−1 can be assigned to electronic transitions
of Ce3+ surface states, generated during the reduction process [41,42].
After showing that CO is able to reduce the PdO phase at 50°C, we carried out a similar
infrared experiment in which the sample was exposed to increasing amounts of CO in
the presence of 2 mbar O2 (Figure 2.4). The obtained FTIR spectra look very different
and are characterized by increasing intensities of bands at 2143 cm −1 (composite with
a shoulder around 2120 cm−1), a band at 2098 cm−1 with a shoulder at 2056 cm−1 and a
very broad band around 1900 cm−1. The band at 2143 cm−1 relates to a surface
intermediate, as the typical rotational-vibrational spectrum of gaseous CO is not
observed. At the same time, we observe much more pronounced CO2 evolution as
compared with the O2-free experiment, which demonstrates that the Pd species present
in an O2 atmosphere are significantly more active for CO oxidation. We hypothesize that
the bands around 2143 cm−1 and 2098 cm−1 are associated with sites that are active for
low-temperature CO oxidation. We initially assigned the shoulder at 2056 cm −1 and the
broad band around 1900 cm−1 to a small amount of metallic Pd particles that could not
be oxidized under these conditions, but we will later see that these bands are most likely
due to small metallic clusters covered with O atoms.
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Figure 2.2: IR spectra of incremental doses of CO on calcined Pd/CeO 2-rod catalyst at 50°C
(arrow indicates increasing CO pressure) and after CO adsorption at 50°C on Pd/CeO 2-rod
reduced at 300°C in H2 (blue line).

Figure 2.3: Computed CO stretching frequencies on Pd3 and Pd3O clusters on the CeO2(111)
surface and CO adsorbed on the periodic Pd (111) surfaces (color scheme: red, surface O; white,
surface Ce; pink, O of adsorbed species; blue, Pd).
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Figure 2.4: IR spectra of incremental doses of CO on the Pd/CeO2-rod catalyst at 50°C. The
catalyst was previously in situ calcined at 300°C, cooled to 50°C in an O2-atmosphere followed by
lowering the O2 pressure to 2 mbar followed by CO pulses. The inserts show DFT-optimized
structure of CO on different Pd configuration on CeO2(111) (color scheme: red, surface O; white,
surface Ce; pink, O of adsorbed species; blue, Pd).

Density functional theory was used to model the CeO2(111) surface, candidate
overlayer structures of Pd, and stretching frequencies of adsorbed CO as well as
possible reaction mechanisms for CO oxidation. These calculations were performed
using the GGA-PBE electron exchange-correlation functional including a Hubbard-like
term to describe the on-site Coulombic interaction to improve the description of the
localized states for the Ce 4f orbital. As AC-STEM shows the absence of threedimensional Pd structures (Figure 2.1c), implying the existence of dispersed Pd
species, we first explored CO adsorption on a single Pd atom on the stoichiometric
CeO2(111) surface. We report scaled vibrational CO frequencies. In this way, we find νCO
= 2047 cm−1 for CO on Pd/CeO2(111), νCO = 2098 cm−1 for CO on PdO/CeO2(111), and
νCO = 2137 cm−1 for CO on PdO2/CeO2(111). PdO3/CeO2(111) does not adsorb CO. Thus,
PdO and PdO2 are candidate structures giving rise to the two bands observed in the
FTIR spectrum under CO oxidation conditions at 50°C. Estimating Helmholtz free
energies (A) by using 𝐴 = 𝑈 − 𝑇𝑆 ≈ 𝐸𝐷𝐹𝑇 − 𝑇𝑆𝑂2 for PdOx/CeO2(111) shows that the
stability order is PdO2 > PdO (+ 34 kJ/mol) > Pd (+ 42 kJ/mol) > PdO3 (+ 152 kJ/mol) in
gaseous O2 at 50°C (𝐸𝐷𝐹𝑇 : electronic energy computed by DFT; entropy of solids
neglected). This comparison renders Pd, PdO and PdO2 on CeO2(111) candidate
structures for exploring a catalytic cycle for CO oxidation. We also calculated the CO
adsorption frequencies on other Pd structures. CO adsorption on a periodic Pd(111)
surface, which serves as a model for surface of nanoparticles, gives rise to bands at 2056
cm−1, 1868 cm−1, and 1789 cm−1 for top, bridge, and three-fold adsorbed CO,
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respectively (Figure 2.3). Corresponding CO adsorption configurations on a Pd 10
cluster placed on the CeO2 111) surface occur at nearly similar frequencies. We also
considered a very small cluster consisting of three Pd atoms and determined by ab initio
thermodynamic analysis that it will be present in the form of Pd3O during CO oxidation
(see the Supporting Information). When CO is bridge-bonded on the Pd3O cluster,
frequencies between 1900-1950 cm−1 are computed depending on CO coverage.
Accordingly, we surmise that the experimentally observed weak band around 1907
cm−1 is due to bridge-adsorbed CO on a small amount of metallic clusters to which O
atoms are adsorbed.
We then explored different mechanisms of CO oxidation on single atom Pd models
supported on CeO2(111). CO adsorbs strongly on PdO with ΔE = −90 kJ/mol (Figure 4).
The formation of CO2 by reaction of adsorbed CO with the O atom bridging between Pd
and Ce4+ is very facile (ΔEact = 29 kJ/mol; ΔEact: activation barrier). Desorption of CO2
costs 31 kJ/mol. The resulting single Pd atom is slightly positively charged. According
to our calculations at the PBE+U level, the energy difference between Pd 0 on the
stoichiometric CeO2(111) surface and the state where one electron of Pd reduces one
Ce4+ ion to Ce3+ is very small. The cycle can then proceed by adsorption of CO or O2. We
first considered the adsorption of CO on the Pd atom (ΔE = −152 kJ/mol). The reaction
of adsorbed CO with a ceria lattice O atom is too difficult. The barrier ΔEact = 110 kJ/mol
is inconsistent with the low-temperature activity of the Pd/CeO2-rod sample. Moreover,
the formed CO2 molecule remains strongly adsorbed to the ceria (ΔE = 93 kJ/mol). The
single Pd atom can also be oxidized by O2 from the gas phase or by a lattice O atom of
ceria. The latter reaction is endothermic, whereas it is exothermic for single Rh atoms
dispersed on CeO2(111) [18]. The difference relates to the higher d-orbital occupancy
of the Pd atom, rendering O adsorption weaker. Accordingly, dissociative adsorption of
O2 on the single Pd atom is more likely, as it is strongly exothermic by ΔE = −107 kJ/mol.
In the resulting PdO2 configuration, the Pd atom is in the +3 oxidation state. Adsorption
of CO to the PdO2 surface intermediate is exothermic by ΔE = −53 kJ/mol. The activation
barrier for formation of CO2 from the PdO2-CO complex is only ΔEact = 38 kJ/mol.
Desorption of the second CO2 molecule costs 40 kJ/mol. The last step regenerates the
initial PdO species and thereby closes the catalytic cycle.
In determining which states along the reaction coordinate may be expected to dominate
under typical reaction conditions, we constructed a Helmholtz free energy diagram
(Figure 2.5). We neglected the entropies of the solids in this analysis. The resulting
energy diagram emphasizes that the transition states of the two CO oxidation events
(IM2 → IM3 and IM6 → IM7) are the only endergonic states along the reaction
coordinate. The two endothermic CO2 desorption steps are exergonic because of the
entropy gain associated with the release of CO2 into the gas phase. This simple analysis
29

Chapter 2

predicts CO-PdO/CeO2(111) and CO-PdO2/CeO2(111) to be the major reaction
intermediates during CO oxidation. These intermediates are identified by their
respective CO signatures at 2137 cm−1 and 2096 cm−1, respectively, which can be
matched with the experimentally observed spectral features at 2143 cm−1 and 2098
cm−1, respectively.

Figure 2.5: Helmholtz free energy diagram of the catalytic cycle for CO oxidation on a single Pd
atom on the CeO2(111) surface (IM = intermediate; TS = transition state; color scheme: red,
surface O; orange, subsurface O; white, surface Ce; pink, O of O2 and CO; blue, Pd).

In order to gain insight into the stability of oxidized single Pd atoms, we determined
energy barriers for the diffusion of Pd and PdO2 on the CeO2(111) surface. The potential
energy diagrams are provided in the Supporting Information. While Pd can freely
diffuse on the surface (ΔEact = 6 kJ/mol), PdO2 is much more strongly bonded to the
support. The resulting diffusion barrier of 88 kJ/mol illustrates its resistance against
sintering. Finally, we compared the thermodynamic stability of a range of Pd n clusters
(n = 2-21), Pd and PdO2 on CeO2(111). The results reported in Figure 2.6 show that
under reducing conditions Pdn clusters are more stable than isolated Pd. On the
contrary, in the presence of oxygen the dispersion of Pdn clusters into isolated PdO2
species is favorable, explaining the high Pd dispersion discussed in this work.
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Figure 2.6: Thermodynamic analysis of (O2-assisted) dispersion of Pdn clusters (n = 2-21) on
CeO2(111) into Pd and PdO2. The Helmholtz free energies at 300 K are shown.

2.4 Conclusions
In summary, we focused on an intentionally nanostructured catalyst containing single
Pd sites on CeO2 nanorods that expose (111) facets. We investigated the reaction
mechanism of CO oxidation by means of a combination of experimental techniques,
such as aberration-corrected TEM which helps define the structure of the Pd sites and
CO-FTIR which shows the nature of the adsorbed CO. The theoretical calculations
allowed us to precisely assign each infrared band with the help of DFT calculations, to
evaluate the entire catalytic mechanism and to prove the existence of single Pd sites in
our catalyst. These single Pd sites play an essential role in the low-temperature CO
oxidation reaction. The presence of single sites in the Pd/CeO2-rod sample, which was
assessed by the combination of AC-TEM and FTIR, helps to explain the high activity for
the CO oxidation reaction at temperatures where metallic Pd is inactive because of CO
poisoning.

2.5 References
[1]

A. Trovarelli, C. de Leitenburg, M. Boaro, G. Dolcetti, Catal. Today 50 (1999) 353–367.

[2]

T. Montini, M. Melchionna, M. Monai, P. Fornasiero, Chem. Rev. 116 (2016) 5987–6041.

31

Chapter 2

[3]

M. Cargnello, J.J. Delgado Jaén, J.C. Hernández Garrido, K. Bakhmutsky, T. Montini, J.J. Calvino
Gámez, R.J. Gorte, P. Fornasiero, Science 337 (2012) 713–717.

[4]

A.I. Boronin, E.M. Slavinskaya, I.G. Danilova, R. V. Gulyaev, Y.I. Amosov, P.A. Kuznetsov, I.A.
Polukhina, S. V. Koscheev, V.I. Zaikovskii, A.S. Noskov, Catal. Today 144 (2009) 201–211.

[5]

Q. Xu, K.C. Kharas, B.J. Croley, A.K. Datye, ChemCatChem 3 (2011) 1004–1014.

[6]

L. Adijanto, D.A. Bennett, C. Chen, A.S. Yu, M. Cargnello, P. Fornasiero, R.J. Gorte, J.M. Vohs, Nano
Lett. 13 (2013) 2252–2257.

[7]

P. Bera, K.C. Patil, V. Jayaram, G.N. Subbanna, M.S. Hegde, J. Catal. 196 (2000) 293–301.

[8]

S. Zhang, C. Chen, M. Cargnello, P. Fornasiero, R.J. Gorte, G.W. Graham, X. Pan, Nat. Commun. 6
(2015) 7778–7783.

[9]

R. Kopelent, J.A. van Bokhoven, J. Szlachetko, J. Edebeli, C. Paun, M. Nachtegaal, O. V. Safonova,
Angew. Chemie Int. Ed. 54 (2015) 8728–8731.

[10]

M. Manzoli, F. Boccuzzi, A. Chiorino, F. Vindigni, W. Deng, M. Flytzani-Stephanopoulos, J. Catal. 245
(2007) 308–315.

[11]

Y. Guan, D.A.J.M. Ligthart, Ö. Pirgon-Galin, J.A.Z. Pieterse, R.A. van Santen, E.J.M. Hensen, Top. Catal.
54 (2011) 424–438.

[12]

P. Liu, Y. Zhao, R. Qin, S. Mo, G. Chen, L. Gu, D.M. Chevrier, P. Zhang, Q. Guo, D. Zang, B. Wu, G. Fu, N.
Zheng, Science 352 (2016) 797–800.

[13]

M. Flytzani-Stephanopoulos, Acc. Chem. Res. 47 (2014) 783–792.

[14]

B. Zugic, S. Zhang, D.C. Bell, F. Tao, M. Flytzani-Stephanopoulos, J. Am. Chem. Soc. 136 (2014)
3238–3245.

[15]

K. Ding, A. Gulec, A.M. Johnson, N.M. Schweitzer, G.D. Stucky, L.D. Marks, P.C. Stair, Science 350
(2015) 189–192.

[16]

J. Jones, H. Xiong, A.T. DeLaRiva, E.J. Peterson, H. Pham, S.R. Challa, G. Qi, S. Oh, M.H. Wiebenga,
X.I.P. Hernandez, Y. Wang, A.K. Datye, Science 353 (2016) 150–154.

[17]

D.A.J.M. Ligthart, R.A. van Santen, E.J.M. Hensen, Angew. Chemie Int. Ed. 50 (2011) 5306–10.

[18]

W. Song, A.P.J. Jansen, V. Degirmenci, D.A.J.M. Ligthart, E.J.M. Hensen, Chem. Comm. 49 (2013)
3851–3.

[19]

E.J. Peterson, A.T. DeLaRiva, S. Lin, R.S. Johnson, H. Guo, J.T. Miller, J. Hun Kwak, C.H.F. Peden, B.
Kiefer, L.F. Allard, F.H. Ribeiro, A.K. Datye, Nat. Commun. 5 (2014) 4885.

[20]

J.H. Kwak, J. Hu, D. Mei, C.-W. Yi, D.H. Kim, C.H.F. Peden, L.F. Allard, J. Szanyi, Science 325 (2009)
1670–1673.

[21]

S. Agarwal, L. Lefferts, B.L. Mojet, D.A.J.M. Ligthart, E.J.M. Hensen, D.R.G. Mitchell, W.J. Erasmus, B.G.
Anderson, E.J. Olivier, J.H. Neethling, A.K. Datye, ChemSusChem 6 (2013) 1898–906.

[22]

H.-X. Mai, L.-D. Sun, Y.-W. Zhang, R. Si, W. Feng, H.-P. Zhang, H.-C. Liu, C.-H. Yan, J. Phys. Chem. B
109 (2005) 24380–5.

[23]

J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865–3868.

[24]

G. Kresse, J. Furthmüller, Phys. Rev. B 54 (1996) 11169–11186.

[25]

G. Kresse, J. Furthmüller, Comput. Mater. Sci. 6 (1996) 15–50.

32

Atomically Dispersed Pd−O Species on CeO2(111)

[26]

S.L. Dudarev, G.A. Botton, S.Y. Savrasov, C.J. Humphreys, a. P. Sutton, Phys. Rev. B 57 (1998) 1505–
1509.

[27]

P.E. Blöch, Phys. Rev. B 50 (1994) 17953–17979.

[28]

G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758–1775.

[29]

S. Fabris, S. De Gironcoli, S. Baroni, G. Vicario, G. Balducci, Phys. Rev. B - Condens. Matter Mater.
Phys. 72 (2005) 237102.

[30]

M. Cococcioni, S. De Gironcoli, Phys. Rev. B 71 (2005) 035105–035121.

[31]

C.W.M. Castleton, J. Kullgren, K. Hermansson, J. Chem. Phys. 127 (2007) 244704–244715.

[32]

J.L.F. Da Silva, M. V. Ganduglia-Pirovano, J. Sauer, V. Bayer, G. Kresse, Phys. Rev. B - Condens. Matter
Mater. Phys. 75 (2007) 045121–045131.

[33]

G. Henkelman, B.P. Uberuaga, H. Jónsson, J. Chem. Phys. 113 (2000) 9901–9904.

[34]

L. Soler, A. Casanovas, A. Urrich, I. Angurell, J. Llorca, Appl. Catal. B Environ. 197 (2016) 47–55.

[35]

Z. Wu, M. Li, S.H. Overbury, J. Catal. 285 (2012) 61–73.

[36]

R. Peng, X. Sun, S. Li, L. Chen, M. Fu, J. Wu, D. Ye, Chem. Eng. J. 306 (2016) 1234–1246.

[37]

W.I. Hsiao, Y.S. Lin, Y.C. Chen, C.S. Lee, Chem. Phys. Lett. 441 (2007) 294–299.

[38]

J. Xu, L. Ouyang, W. Mao, X.-J. Yang, X. Xu, J.-J. Su, T.-Z. Zhuang, H. Li, Y.-F. Han, ACS Catal. 2 (2012)
261–269.

[39]

A. Bensalem, J.-C. Muller, D. Tessier, F. Bozon-Verduraz, J. Chem. Soc. Faraday Trans. 92 (1996)
3233–3237.

[40]

G.C. Cabilla, A. Bonivardi, M. Baltanas, Catal. Lett. 55 (1998) 147–156.

[41]

S. Agarwal, X. Zhu, E.J.M. Hensen, B.L. Mojet, L. Lefferts, J. Phys. Chem. C 119 (2015) 12423–12433.

[42]

P.A. Ussa Aldana, F. Ocampo, K. Kobl, B. Louis, F. Thibault-Starzyk, M. Daturi, P. Bazin, S. Thomas,
A.C. Roger, Catal. Today 215 (2013) 201–207.

33

Chapter 2

34

CO oxidation on Pd supported on CeO2 (100) and CeO2 (111) facets

Chapter 3:
CO oxidation by Pd supported on CeO2(100) and
CeO2(111) facets
Abstract

Pd/CeO2 is an active component in emission control catalysts for CO oxidation.
Nanostructured CeO2 powders can be prepared in the form of rods exposing
predominantly (111) surfaces and cubes exposing (100) surfaces. While differences in
the reactivity of Pd supported on these facets of ceria have been reported, the origins
of the reactivity differences are not well understood. Pd supported on (111) surfaces of
ceria rods exhibits room-temperature CO oxidation activity, while Pd on (100) surface
of ceria cubes shows comparable activity at a temperature that is 60 °C higher. Earlier,
we established that Pd/CeO2-rods are active due to a Langmuir-Hinshelwood
mechanism involving isolated Pd atoms in the form of Pd1O and Pd1O2 species. Here, we
establish using in situ CO IR spectroscopy and density functional theory (DFT) that, in
addition to TEM-visible Pd nanoparticles, Pd/CeO2-cubes also contain isolated Pd
species, predominantly in the form of Pd1O. DFT calculations show that CO oxidation
proceeds via a Mars-van Krevelen pathway, which is possible for the (100) surface
because of the lower Ce-O binding energy compared to the (111) surface. Overall, the
catalytic cycle for CO oxidation on Pd/CeO2(100) involves a higher free energy barrier
than on Pd/CeO2(111) in keeping with the experimentally observed activity difference.
EXAFS measurements show that the active Pd phase in both Pd/CeO2-rods and
Pd/CeO2-cubes responds dynamically with respect to reducing and oxidizing
conditions. The redispersion of Pd in oxidative conditions is more pronounced for
Pd/CeO2-rods and the catalyst is more active after an oxidative treatment.

This chapter has been published as: Spezzati G., Su, Y., Hofmann J. P., Hensen, E. J. M. et
al, Applied Catalysis B: Environmental, 2019, 243, 36-46.
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3.1 Introduction
Cerium dioxide (CeO2) is a versatile compound used in a wide variety of technological
applications, such as in oxygen sensors [1], solid-oxide fuel cells (SOFC) [2], catalysis
and other key areas [3]. Its most important application in catalysis is as a support for
noble metals in three-way catalysis (TWC) [4]. An important property of ceria is that it
can reversibly change the Ce oxidation state from +4 to +3 when oxygen atoms are
removed from the ceria surface. This oxygen storage capacity (OSC) is used in TWC
technology to retain oxidation activity under fuel-rich conditions [5,6] .
In the last decade, there have been substantial efforts to understand the facetdependent chemical reactivity of CeO 2 surfaces. The use of well-defined CeO2
nanostructures can lead to improved catalytic performance [7–9]. A variety of
preparation methods such as hydrothermal synthesis [10], liquid precipitation [11],
and solvothermal procedures [12] have been used to obtain specific morphologies of
ceria such as octahedra, nanorods, nanowires, nanospheres and nanocubes. With these
anisotropic CeO2 nanomaterials, a deeper understanding can be gained about the
interaction of specific surface facets with transition metals and their impact on catalytic
activity. CeO2 crystallizes in the fluorite structure and the most stable surface
terminations are the (111), (110) and (100) facets. The (111) surface consists of both
Ce and O atoms in a single plane while the polar (110) and the (100) surfaces are
corrugated and expose either Ce or O atoms [13]. The most stable surface is (111)
terminated, followed by (110) and (100) terminations [14]. Low surface area
nanoparticles obtained in high-temperature processes and nano-sized octahedra
preferentially expose the (111) surface, while nanocubes mainly expose the (100)
surface [15]. There remains a considerable debate about the surface exposed by
nanorods. Initially, it was claimed that nanorods predominantly expose the (110)
surface [16], but a detailed aberration-corrected TEM investigation and comparison of
the specific reactivity of rods and octahedra for the water-gas shift (WGS) reaction
demonstrated that the dominant surface termination is the (111) surface along with
some exposed (100) facets [17]. A recent study using infrared reflection absorption
spectroscopy confirmed that ceria rods are mainly enclosed by (111) facets [18] ,
especially when the rods have been annealed at elevated temperatures.
There is substantial agreement in literature about the role of oxygen vacancies for
achieving high catalytic performance in oxidation reactions, such as CO oxidation
[19,20]. The presence of oxygen vacancies may indicate a direct involvement of surface
CeO2 oxygen atoms in the catalytic cycle [21,22]. The energy required to form oxygen
vacancies is lower on (100) facets, compared to the (111) or (110) ones, which makes
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CeO2(100) the most reducible ceria surface [23]. Surface science model studies have
demonstrated that it is difficult to reduce the CeO2(111) and CeO2(100) surfaces
[24,25], suggesting that defects or nanoscale effects in ceria powders are important
aspects. One of the most attractive features of CeO2 is the ability to stabilize noble metal
particles, clusters and even single atoms on its surface [26]. The high reactivity of the
CeO2 surface and the presence of vacancies in combination with noble metal species
make these systems highly active in a number of catalyzed reactions, such as CO
oxidation, NOx reduction and CH4 oxidation [5,27,28]. Pd is increasingly used in these
applications because of its lower cost compared to other noble metals. A variety of
methods have been used to deposit Pd onto the CeO2 surface, such as wet impregnation
[29] and deposition-precipitation [30]. The influence of the Pd loading and the
preparation method on the final catalytic performance in CO oxidation has also been
studied [31–33]. Specifically, there is evidence of PdO clusters and single atoms being
more active for CO oxidation than reduced Pd nanoparticles [5,34–36]. The work of
Cargnello et al. has clearly shown how CO oxidation takes place on the active sites at the
interface between CeO2 and Pd nanoparticles, thus substantiating the role of metalsupport interaction [37] Moreover, due to strong metal-support interaction ceriasupported catalysts are known to exhibit high thermal stability against sintering [26].
Due to the difficulty of synthesizing well-defined facets in oxide supports, there are
relatively few investigations of the role of specific facets on the reactivity of the
supported metal. The ease of synthesis of faceted ceria nanoshapes (rods, cubes and
octahedra) makes it possible to study facet-dependent reactivity. For instance, a
comparison of single atoms and clusters of gold on different CeO 2 nanostructures
showed that Au/CeO2 nanorods displayed a stronger Au-CeO2 interaction and a higher
activity in the WGS reaction than cube- and polyhedra-shaped CeO2 [38]. Peng et al.
studied the performance of Pd on different CeO2 nanostructures in toluene oxidation
and concluded that nanorod CeO2 led to the highest activity due to a high concentration
of surface vacancies [39]. Soler et al. used CO oxidation and CO preferential oxidation
to compare the catalytic performance of nanostructured Au/CeO2 materials. Also in this
case, the highest activity was observed for the nanorod-shaped samples. It was
suggested that the occurrence of oxidized Au and Ce3+ species is related to a strong
metal-support interaction. Conversely, it was suggested that oxidized species that
strongly interact with the support were absent in cubes and polyhedra-shaped samples
[40].
As Pd is known to undergo facile oxidation and reduction, in the present study we
evaluated the facet-dependent redox behavior of Pd and the catalytic performance in
CO oxidation. We studied catalysts comprised of 1 wt% Pd deposited on nanorod and
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nanocube forms of ceria, whose surfaces are dominated by (111) and (100)
terminations, respectively. The nanorod-shaped sample has already been characterized
in a previous publication [41]. Here, we follow a similar approach combining HR-TEM,
in situ CO IR spectroscopy and computational DFT modeling to follow the speciation of
Pd on the nanocube surface in comparison to nanorod based catalysts. We also use DFT
to compute a reaction mechanism for CO oxidation on the nanocube sample and use
microkinetics simulations to confirm that the nanorod sample should be more active
than the nanocube one. A major result presented in this work is that nanocube ceriasupported Pd also contains isolated Pd atoms in addition to TEM-observable
nanoparticles, but their specific geometry makes the isolated Pd atoms inactive at room
temperature. The dynamics of nanorod and nanocube ceria supported Pd active phases
are investigated by in situ EXAFS.

3.2 Experimental
3.2.1

Catalyst preparation

Ce(NO3)3.6H2O (99.5% purity) was purchased from Alfa Aesar. Pd(NO3)2.2H2O (40% Pd
basis), NaOH (reagent grade, ≥98%) were purchased from Sigma Aldrich. Absolute
ethanol (99.5 % purity) was purchased from VWR. Sipernat® 50 high surface silica was
purchased from Evonik. All compounds were used without further purification.
The synthesis of the CeO2 nanorods and nanocubes was performed via a hydrothermal
method adapted from Mai et al. [10]. An aliquot of 5 mL of an aqueous 5 mM
Ce(NO3)3.6H2O solution was added to 35 mL of a 17.1 M solution of NaOH. For both
solutions, deionized water was employed. The resulting slurry was stirred at room
temperature for 1 h, and afterwards diluted to a final volume of 100 mL. The mixture
was poured in a 125 mL Teflon liner, which was inserted in a stainless-steel autoclave.
The hydrothermal treatment was conducted in an oven. In order to obtain CeO 2
nanorods, the mixture was treated at 100 °C for 24 h under static conditions. CeO 2
nanocubes were obtained at a temperature of 180 °C using tumbling at 80 rpm for 24
h. Tumbling resulted in a more uniform size of the nanocubes. After hydrothermal
treatment, the autoclaves were quickly quenched in a water bath. The solid products
were separated from the liquid by centrifugation, washed four times with deionized
water and twice with ethanol. CeO2 was dried at 80 °C in a vacuum oven for 2 h and then
calcined at 500 °C for 4 h in a gas flow composed of 80 mL/min of He and 20 mL/min
of O2. The samples are called CeO2-rod and CeO2-cube, respectively.
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Palladium nanoparticles were deposited on the CeO2 supports by means of a wet
impregnation technique. Pd(NO3)2.2H2O was dissolved in deionized water and the
resulting solution was used to impregnate the solid. The mixture was stirred for 30
minutes and the water was slowly evaporated by heating the solution while stirring.
The solid was dried at 110 °C and calcined at 300 °C for 4 hours in a gas flow composed
of 80 mL/min of He and 20 mL/min of O2. The final Pd loading was 1 wt%. A similar
approach was used to impregnate 5% weight of Pd on the silica support as well, as a
reference sample. For the sake of simplicity, the sample with 1 wt% of palladium
deposited on CeO2 nanorods is labelled as Pd/CeO2-rod, while the sample with 1% wt%
palladium on CeO2 nanocubes is labelled as Pd/CeO2-cube. The silica-based sample is
labelled Pd/SiO2.

3.2.2

Catalyst characterization

XRD patterns were recorded on a Bruker D2 Phaser powder diffraction system using
Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02 ° in the range 10
– 90 degrees.
N2 physisorption was performed at −196 °C on a TriStar II 3020 instrument. Typically,
200 mg of sample were transferred into a home-made glass sample holder. The
pretreatment involved heating to 120 °C under a N 2 flow overnight to allow for
desorption of water and impurities. The Brunauer-Emmet-Teller (BET) method was
used to calculate the surface area.
The Pd loading was determined using a ICP-OES instrument (Spectroblue, AMETEK
Inc.). Typically, 50 mg of sample was dissolved in 5 mL concentrated H2SO4. The mixture
was stirred and heated at 150 °C until the sample was fully solubilized. The wavelengths
used for Pd determination were 324.270 nm and 340.458 nm.
High-resolution low-voltage SEM measurements were performed on a JSM-7800F
instrument at JEOL (Japan). TEM measurements were performed on a FEI Tecnai 20
electron microscope at an electron acceleration voltage of 200 kV with a LaB 6 filament.
Additionally, we used a JEOL 2010F and an aberration-corrected ARM 200F for
observation of the samples at higher magnification. A suitable quantity of powder was
dispersed in ethanol, sonicated and deposited on a carbon-coated Cu grid. Particle
counting was performed with the software ImageJ, counting at least 100 particles.
Infrared spectra were recorded on a Bruker Vertex 70v FTIR spectrometer equipped
with a DTGS detector. The experiments were performed in situ by using a home-built
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environmental transmission IR cell. The background was collected in an empty cell by
averaging 512 scans with a resolution of 2 cm−1 in the 4000-1000 cm−1 range. Selfsupporting pellets were made by pressing approximately 20 mg of a sample in a disk
with a diameter of 13 mm. Each spectrum was collected by averaging 32 scans with a
resolution of 2 cm−1 in the 4000-1000 cm−1 range. The samples were either oxidized or
reduced before in situ IR investigations. For oxidation, the sample was calcined in situ
in an air flow by heating to 300 ˚C at a rate of 10 °C/min followed by a dwell of 30 min.
The sample was outgassed until a residual pressure of 5 x 10 −5 mbar was reached,
followed by cooling to 50 °C in a static atmosphere of 2 mbar of O 2. Then, CO pulses
were added to the in situ cell in the presence of 2 mbar O2. CO was introduced via a
sample loop with a volume of 10 µL. Pulses were administered to the cell until the IR
bands related to adsorbed CO were saturated. For reduction, the sample was exposed
to a H2/N2 flow at 300 °C for 30 min after heating to this temperature at a rate of 5
°C/min. After reduction, the sample was evacuated and cooled to 50 °C. Then CO pulses
were administered to the in situ cell as described above.
In situ EXAFS measurements were performed at the Pd K-edge using beam line 10ID-B
of the Materials Research Collaborative Access Team at the Advanced Photon Source of
Argonne National Laboratory (Lemont, USA). Typically, 50 mg of sample was mixed
with 150 mg of inert silica powder in order to press pellets. The experiments were
performed in a continuous flow reactor cell placed into a tube furnace. EXAFS data was
recorded in fluorescence mode using a Pd foil as the reference. The experiments were
performed on 2% wt Pd-loaded nanorods and 2% wt Pd-loaded nanocubes. The
samples were studied in three conditions. The first “as-prepared” sample represents
the state of the sample in air prior to treatment. Then, the sample was subjected to a 1
vol% CO/He flow (50 mL/min) at room temperature, followed by ramping to 200 °C at
a rate of 2 °C/min in flowing CO. EXAFS spectra were collected after exposure to CO
(spectra labelled “CO-treated”). Finally, the flow was switched to a 100 mL/min flow of
5 vol% O2/He and cooled to room temperature in order to follow the re-oxidation of the
sample. Spectra were taken in O2 at room temperature (spectra labelled “O2-treated”).
Experimental EXAFS data χ(k) (where k is the photoelectron wave number) were
processed by subtracting the background from the normalized absorption coefficient
using the Athena program of the IFEFFIT data analysis package [42]. The theoretical
EXAFS signal was fitted to the data in r-space using the Artemis program of the IFEFFIT
package. S02 (the passive electron reduction factor) was obtained by first analyzing a Pd
foil, and then fixed at S02 = 0.83. The k-range used for Fourier transform of χ(k) was
2−10 Å−1 and the r-range for fitting 1.0-2.2 Å for the as-prepared samples, 1.5-3.2 Å for
CO-treated samples and 1.0-3.5 Å for O2-treated samples. Fits were performed
simultaneously in r-space on k1-, k2-, and k3-weighted spectra. The plotted spectra have
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a k-weight of 3. Selected parameters were shared in the fit: σ2 and r values were shared
for Pd-O shells and for Pd-Pd shells.

3.2.3

Catalytic activity measurements

Catalytic activity measurements were performed in a 10-tube parallel microflow
reactor. The samples were pressed, sieved and crushed and the fraction between 125
µm and 250 µm was used. Each quartz reactor was filled with 50 mg of sample diluted
with 200 mg of SiC of the same sieve fraction. The mixture was enclosed between two
quartz wool plugs. The reaction was performed at atmospheric pressure. Prior to
reaction, the catalysts were calcined in situ in a flow consisting of 20 vol% O2 in He (total
flow rate 50 mL/min STP per reactor tube), whilst heating from room temperature to
300 °C at a rate of 5 °C/min, followed by an isothermal dwell of 3 h. After cooling to
room temperature in the same flow, the pre-treatment gas was replaced by a feed
consisting of 2 vol% CO and 2 vol% O2 in He (total flow rate 50 mL/min STP). The
temperature was increased by 25 °C steps at a rate of 5 °C/min. When the target
temperature was reached, a period of 20 min was allowed for stabilization. Then, the
effluent gas was analyzed by online gas chromatography with an Interscience Compact
GC equipped with Plot (TCD) and Molsieve (TCD) columns.

3.2.4

Computational modeling

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional
[43] as implemented in the Vienna Ab Initio Simulation (VASP) package [44,45] was
used to simulate the CO oxidation by Pd-CeO2. A Hubbard U term was added to the PBE
functional (DFT + U) employing the rotationally invariant formalism by Dudarev et al.
[46], in which only the difference (U eff = U – J) between the Coulomb U and exchange J
parameters enters. Spin-polarized calculations were performed. The projector
augmented wave (PAW) method [47,48] was used to describe the interaction between
the ions and the electrons with the frozen-core approximation. The Ce (4f, 5s, 5p, 5d,
6s), O (2s, 2p) and Pd (4p, 4d, 5s) electrons were treated as valence states using a planewave basis set with a kinetic energy cut-off of 400 eV. For Ce, a value of Ueff = 4.5 eV was
used, which was calculated self-consistency by Fabris et al. [49] using the linear
response approach of Cococcioni and de Gironcoli [50]. This value is within 3.0-5.5 eV
range reported to provide localization of the electrons in the Ce 4f orbital left upon
oxygen removal from CeO2 [51]. For all calculations, the model was a periodic slab with
a (4×4) surface unit cell, and for the Brillouin zone integration, a Monkhorst-Pack
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1×1×1 mesh was used. A higher k-point mesh only leads to a negligible energy
differences. The CeO2(111) and CeO2(100) surface unit cells were both two layers thick,
and the vacuum gap was set to 15 Å. The bulk equilibrium lattice constant (5.49 Å)
previously calculated by PBE+U (Ueff = 4.5 eV) was used [52]. The CeO2(111) surface
exposes three-fold coordinated O atoms as well as seven-fold coordinated Ce atoms,
and the CeO2(100) surface exposes two-fold coordinated O and six-fold coordinated Ce
atoms. It is noted that the CeO2(111) surface has a compact structure consisting of an
uninterrupted Ce-O bond network, whereas the CeO2(100) surface contains separated
rows of CeO2 units. The bottom layer was fixed to the bulk position of CeO 2, while the
top layer was allowed to relax. The positions of the atoms were relaxed until forces
were smaller than 0.05 eV Å-1. For investigating the reaction mechanism, the location
and energy of stable and transition states were calculated with the climbing-image
nudged elastic band (CI-NEB) method [53].
We computed the IR intensity of stretching vibrational modes of adsorbed CO to
support the interpretation of CO IR spectra. For this purpose, a finite difference analysis
was employed to stable CO adsorption structures. The first-order IR intensity of the ith
mode is given by Porezag et al. [53,54].

I iIR 

d
dQi

2

(3.1)

where Qi is referred to as a normal mode coordinate and  is the electric dipole moment
of the system.
Microkinetics simulations were performed to compute reaction rates based on a
reaction mechanism for CO oxidation for which the potential energy surface was
determined by DFT calculations. The approach to microkinetics simulations has been
presented in detail elsewhere [55,56]. Differential equations for all the surface reaction
intermediates were constructed using the rate constants and the set of elementary
reaction steps. For each of the M components in the kinetic network, a single differential
equation is obtained in the form as below:
M
N
j 

ri    k j i j  ck k 
j 1 
k 1


(3.2)

j
In this equation, kj is the elementary reaction rate constant (see Eq. 3.2),  i is the
stoichiometric coefficient of component i in elementary reaction step k and ck is the
concentration of component k on the catalytic surface.
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For surface reactions, the rate constants of the forward and backward elementary
reaction were determined by the Eyring equation [57]:
Ea

k

kbT Q TS  kbT
e
h Q

(3.3)

where k is the reaction rate constant in s−1; kb, T, h and Ea are the Boltzmann constant,
temperature, Planck’s constant and the activation barrier, respectively. QTS and Q refer
the partition functions of the transition and ground states, respectively. As an
approximation, the pre-factor is set to 1013 s−1 for all the elementary surface reactions.
For non-activated molecular adsorption, the rate of adsorption is determined by the
rate of surface impingement of gas-phase molecules. The flux of incident molecules is
given by Hertz-Knudsen equation [58]:
F

P
2 mkbT

(3.4)

Therefore, the molecular adsorption rate constant can be written as:
kads 

PA'
S
2 mkbT

(3.5)

where P is the partial pressure of the adsorbate in the gas phase, A’ is the surface area
of the adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.
For the desorption process, it is assumed that there are three rotational degrees of
freedom and two translational degrees of freedom in the transition state. Accordingly,
the rate of desorption is given by
kbT 3 A' (2 kb )  kbdesT
e
h3
 rot
E

kdes 

(3.6)

where σ and θ are the symmetry number and the characteristic temperature for
rotation of gaseous CO2, respectively. Edes is the desorption energy of CO2 molecules.
Microkinetics simulations were performed using the MKMCXX program [55,56,59].
Steady-state coverages were calculated by integrating ordinary differential equations
(ODEs) that describe the changes in surface coverages with time until the changes in
the surface coverages were very small. As chemical systems typically give rise to stiff
sets of ODEs, we have used the backward differentiation formula method for the time
integration [56]. The rates of the individual elementary reaction steps can be obtained
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based on the steady-state surface coverages. In our simulations, the gas phase
contained a mixture of CO and O2 in 2:1 molar ratio at a total pressure of 1 atm, and T =
50 °C.
The elementary reaction steps that contribute to the rate control over the overall
reaction can be determined by degree of rate control (DRC) concept introduced by
Campbell et al. [60–62]. For elementary step i, the degree of rate control XRC,i can be
defined as

X RC,i 

ki  r 
 
r  ki k

j i , Ki

  ln r 


  ln ki k ji , Ki

(3.7)

where ki, Ki and r are the rate constants, the equilibrium constant for step i and the
reaction rate, respectively. Furthermore, the DRC coefficients have to obey the sum rule
over all steps i in the mechanism in such a way that [61]:

X

RC,i

1

i

(3.8)

3.3 Results and discussion
CeO2 nanorods and nanocubes were prepared by a modified hydrothermal synthesis
method in which a basic aqueous cerium nitrate solution was treated in an autoclave
under autogenous water pressure at, respectively, 100 °C and 180 °C. XRD patterns
confirm that the calcined supports have the cubic fluorite structure (𝐹𝑚3̅𝑚 space
group) of CeO2 (not shown). The specific surface areas as determined by N 2
physisorption are 78 m2/g and 28 m2/g for the ceria nanorods and nanocubes,
respectively (Table 3.1). A high-resolution SEM (HR-SEM) analysis confirms the
morphology of the two samples (Figure 3.1). This analysis also shows that the
nanorods also contain some very small CeO2 particles of poorly defined shape at their
surface. From aberration-corrected TEM (AC-TEM) images (Figure 3.2), we
determined that the CeO2-rod sample contains nanorods with an average width of 11 ±
2 nm and an average length of 160 ± 50 nm, as reported in Table 3.1. The average size
of the nanocubes is 17 ± 4 nm. In line with the HR-SEM images, both samples present a
small fraction of CeO2 polyhedra. The CeO2-rod sample exposes predominantly the
(111) surface with a large amount of corrugations and surface defects, in line with
earlier reports [17,41,63]. Conversely, the CeO2-cubes selectively expose prominent
(001) surfaces (Figure 3.2b). Additionally, the surface appears to be irregular due to
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its polarity. The (110) surface is not stable and forms (111) microfacets. Due to the
tilting along the [110] zone axis, the (110) is visualized at its thinnest point, allowing
the atomic rows to be clearly resolved. Pd was loaded on these supports by a
conventional incipient wetness impregnation procedure. The presence of ~1 wt% Pd
on Pd/CeO2-rod and Pd/CeO2-cube was confirmed by elemental analysis. In the TEM
images, the surface of the nanorods does not exhibit any Pd nanoparticles, which is
consistent with earlier work [41] and indicative of a very high Pd dispersion (Figure
3.2c). On the other hand, in Figure 3.2d distinct Pd nanoparticles can be seen in the
Pd/CeO2-cube sample [17]. The average size of these Pd particles is ~2 nm.
Table 3.1: Summary of the properties of the CeO2-rod and CeO2-cube support materials.

Catalyst

BET surface
area (m2/g)

Pd/CeO2-rod

78

TEM CeO2
particle size (nm)

XRD linewidth
of the (111)
peak (degrees)

ICP-OES Pd
loading (%)

0.57

1.33 ± 0.02

0.22

1.37 ± 0.02

11 ± 2 (width)
160 ± 50 (length)
Pd/CeO2-cube

28

17 ± 4

Figure 3.1: HR-SEM images of CeO2-rods (left) and CeO2-cubes (right).
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Figure 3.2: AC-TEM images of (a) CeO2-rods, and (b) CeO2-cubes with indication of the most
prominent planes, and TEM images of (c) Pd/CeO2-rods and (d) ) Pd/CeO2-cube.

We determined the catalytic performance of the bare CeO2 supports and the ceriasupported Pd catalysts in the CO oxidation reaction. Prior to reaction, the samples were
calcined at 300 °C. The CO conversion with increasing temperature is shown in Figure
3.3. As expected, the CeO2 supports themselves are only active at high temperature. The
Pd/CeO2-rod sample displays a higher activity than the Pd/CeO2-cube one. Pd/CeO2rod already shows activity at room temperature and achieves full CO conversion below
150 °C [41]. Full CO conversion is achieved by the Pd/CeO2-cube sample only at 200 °C.
Additionally, the evaluation of the CO oxidation activity while cooling down and in a
second run demonstrated the stability of these catalysts (not reported).The higher CO
oxidation activity for the nanorod sample is also in line with other reports [18,40,64].
A reference 5 wt% Pd/SiO2 sample was also evaluated in the same reaction. TEM
analysis showed the presence of ~3 nm Pd nanoparticles. This sample displayed much
lower activity than the two Pd/CeO2 samples, indicating that there is a Pd-CeO2 synergy
in CO oxidation for both Pd/CeO2-rod and Pd/CeO2-cube. In order to further compare
the activity of these samples, CO conversion rates were calculated normalized by the Pd
weight. At 50 °C, Pd/CeO2-rod displays a rate of 11021 molecules CO gPd-1 s-1, while
Pd/CeO2-cube and Pd/SiO2 presented lower values of 31020 and 21020 molecules
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CO gPd-1 s-1, respectively. These differences were even more pronounced at a
temperature of 100 °C, with Pd/CeO2-rod and Pd/CeO2-cubes reaching rates of 91021
and 11021 molecules CO gPd-1 s-1, respectively, while the reaction rate of Pd/SiO2 only
was 21019 molecules CO gPd-1 s-1.

Figure 3.3: CO conversion in the CO oxidation reaction on pre-oxidized CeO2-rod, CeO2-cube,
Pd/CeO2-rod, Pd/CeO2-cube and Pd/SiO2 catalysts.

As discussed before, the absence of Pd particles on CeO2-rods is indicative of a very high
Pd dispersion, which can explain the high catalytic activity [41]. Conversely, the
presence of Pd nanoparticles on the surface of the Pd/CeO 2-cube sample can in
principle provide a reasonable explanation for the much lower activity of this sample.
We considered that Pd/CeO2-cube might also contain highly dispersed Pd in addition to
the TEM-visible nanoparticles. Therefore, we decided to investigate this sample in
much more detail using the methods previously used to investigate the presence of
isolated Pd atoms in Pd/CeO2-rod [41].
Figure 3.4 shows in situ CO IR spectra of Pd/CeO2-rod and Pd/CeO2-cube samples at 50
°C. Before CO dosing, the samples were first calcined at 300 °C and cooled to 50 °C in
the presence of 2 mbar O2. We did not evacuate the samples before CO pulsing. The
bands developing around 2352 cm−1 are due to gaseous CO2 and indicate that CO
oxidation takes place at this low temperature. The much higher intensity of the CO 2 IR
bands for Pd/CeO2-rod compared to Pd/CeO2-cube is in qualitative agreement with the
activity difference in Figure 3.3. For Pd/CeO2-rod, the band at 2143 cm−1 was earlier
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assigned to a Pd1O2 species, while the peak at 2098 cm−1 was attributed to a Pd1O
species. These assignments were supported by DFT calculations of Pd 1Ox/CeO2(111)
models. The broad band with a lower intensity around 1900 cm −1 was attributed to
small partially-oxidized Pd clusters, as the IR band could be correlated using DFT to CO
adsorbed on a ceria-supported Pd3O cluster[41]. The presence of CO IR bands for Pd1O
and Pd1O2 sites is consistent with their role as major reaction intermediates in the
catalytic CO oxidation cycle [41].
The CO IR spectra for Pd/CeO2-cube are different. The most intense band is located at
2098 cm−1. The presence of this band is a strong indication for the presence of isolated
Pd species on the cube surface as well. The low intensity of the band at 2146 cm −1 shows
that a more oxidized form of a single Pd atom is present only in small quantities.

Figure 3.4: CO IR spectra of (a) Pd/CeO2-rod and (b) Pd/CeO2-cube recorded at 50 °C. The spectra
represent subsequent pulses of CO added to an atmosphere of 2 mbar of O 2. The pulses were
protracted until a quantity of 2 mbar of CO was reached (red spectra).

In order to assess the possible role of isolated Pd species on the CeO 2(100) surface in
CO oxidation, we performed a detailed DFT study, as previously done for Pd/CeO 2-rod
[41]. DFT calculations in combination with a thermodynamic analysis can help to
identify thermodynamically stable structures, which are candidates for catalysis [65].
For a single Pd atom on the CeO2(100) surface, we determined the stability of Pd1Ox
structures with x = 0-3, which are depicted in Figure 3.5a. A Helmholtz free energy
analysis [66] of these structures shows that under typical reaction conditions
Pd1O/CeO2 should be considered to be part of a catalytic CO oxidation cycle (Figure
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3.5b CO adsorption on these Pd1Ox/CeO2(100) models was also investigated (Figure
3.5c). Adsorption energies and further details for Pd1Ox/CeO2(100) and
Pd1Ox/CeO2(111) are listed in Table 3.2. The computed value for Pd1O/CeO2(100) of
2099 cm−1 is very close to the experimental value of the most intense peak (2098 cm −1)
in the CO IR spectrum. Different from CeO2(111), a Pd1O2 species located on the (100)
surface does not adsorb CO. CO adsorption on a single Pd atom on CeO2(100) results in
an adsorption band at 2071 cm−1, which is experimentally observed as a weak shoulder
in the CO IR spectra of Pd/CeO2-cube. We speculate that the weak band at 2141 cm−1 is
due to a small amount Pd1O2 species on CeO2(111) or a dicarbonyl Pd(CO)2 species
adsorbed on Pd/CeO2(100). The relatively late appearance of this band is in line with
the computed weaker CO adsorption of the dicarbonyl species. Notably, the other
vibrational mode of the dicarbonyl, which should appear at 2112 cm −1, is not observed
because of a very low IR intensity (Table 3.2).

Figure 3.5: (a) DFT-optimized structures of Pd1, Pd1O and Pd1O2 sites on the CeO2(100) surface
(color scheme: red, surface O; white, surface Ce; pink, O of adsorbed species; blue, Pd); (b)
Helmholtz free energy analysis of the stability of Pd1Ox/CeO2(100) during reduction by CO and
oxidation by O2. Each point represents an oxidation or reduction reaction of Pd 1Ox by ½ O2 or CO,
respectively; (c) Structures and predicted frequencies of CO adsorbed on Pd1Ox/CeO2(100)
models (color scheme: red, surface O; white, surface Ce; pink, O of adsorbed species; blue, Pd).
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Table 3.2: DFT -computed adsorption energies for CO on PdxOy/CeO2(111) and
PdxOy/CeO2(100), and related IR frequencies and intensities.
CeO2(111)
Species

CeO2(100)

CO/Pd1O2

CO/Pd1O

CO/Pd1

2CO/Pd1

CO/Pd1O

CO/Pd1

Eads (kJ/mol)

−117

−154

−216

−100/−137

−181

−100

Frequency (cm−1)

2137

2098

2048

2147/2112

2099

2071

Intensity (a.u.)

0.54

0.45

0.52

0.39/0.005

0.28

0.73

The CO IR data combined with the DFT calculations strongly suggests that the Pd/CeO2cube sample also contains isolated Pd atoms, predominantly in the form of Pd 1O.
Compared to similar species involved in CO oxidation on CeO 2(111), their activity is
apparently much lower. To understand this in more detail, we carried out a study of the
mechanism of CO oxidation on Pd1/CeO2(100). The resulting Helmholtz free energy
diagram is shown in Figure 3.6b. CO adsorbs with an energy of 122 kJ/mol on
Pd1O/CeO2(100) (including entropy correction). CO2 formation preferentially occurs
via reaction of adsorbed CO with a ceria lattice O atom (IM2  IM3). The barrier for this
process is 63 kJ/mol (TS1). The resulting CO2 molecule is weakly bound. By including
the entropy correction, we find that desorption only costs 6 kJ/mol (IM3  IM4, Figure
3.6). The reaction of adsorbed CO by the non-lattice oxygen atom in Pd1O/CeO2(100) is
geometrically hindered. Once CO2 desorbs, the O atom coordinated to the Pd site will
migrate via a transition state with a barrier of only 30 kJ/mol (TS2, Figure 3.6) to the
oxygen vacancy in the ceria support. The resulting structure is Pd1/CeO2(100) (IM5). A
second CO molecule can then adsorb on the surface with a Helmholtz free energy of
adsorption of 39 kJ/mol. Another CO2 molecule is formed in a similar manner (IM6 
IM7) via the transition state TS3 with an activation barrier of 56 kJ/mol. Desorption of
CO2 is again facile and the catalytic cycle closes by adsorption and spontaneous
dissociation of molecular O2, regenerating Pd1O/CeO2(100).
It is important to point out that the mechanism for low-temperature CO oxidation is
different for Pd/CeO2(111) and Pd/CeO2(100). For Pd/CeO2(111), only non-lattice O
atoms of PdO and PdO2 species are involved in the catalytic cycle [41]. This resembles
a Langmuir-Hinshelwood mechanism in which CO and O2 adsorb on the catalytic
surface. In contrast, CO oxidation on Pd/CeO2(100) involves a ceria lattice O atom and
thus follows a Mars-van Krevelen mechanism. This difference is caused by two effects.
The first one is the prohibitively high barrier for the reaction between adsorbed CO and
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the non-lattice O atom in Pd1O/CeO2(100), which stems from an unfavorable geometry.
The second is the lower oxygen vacancy formation energy of the CeO2(100) surface as
compared to CeO2(111). The DFT-computed O vacancy formation energies for these
surfaces are 1.80 eV and 2.38 eV, respectively. Experiments have confirmed that it is
easier to form O vacancies on the (100) surface than on the (111) surface [67].
Furthermore, the free activation barriers for CO oxidation in a catalytic cycle involving
Pd1O and Pd1O2 on CeO2(111) are much lower (29 kJ/mol) compared to the values for
Pd1 and Pd1O on CeO2(100) (highest barrier 63 kJ/mol). In essence, the geometry of the
Pd1O species on CeO2(100) does not allow for CO oxidation with the non-lattice O atom
and, therefore, the reaction occurs via a Mars-van Krevelen mechanism. The
geometrical aspect is emphasized by noting that the Pd-O binding energy of Pd1O on
CeO2(100) is lower than the O vacancy formation energy for CeO 2(100). This energy
difference also explains why migration of the non-lattice O atom to the O vacancy is
exothermic. We carried out microkinetics simulations for the catalytic cycles of
Pd/CeO2(100) and Pd/CeO2(111) at a temperature of 50 °C. Given that we did not
compute all the partition functions in great detail, the predicted rates are order of
magnitude estimates largely determined by the differences in the overall activation
barriers in the mechanisms. The estimated rate for Pd/CeO2(100) is substantially lower
than that for Pd/CeO2(111), providing a reasonable explanation for the experimentally
observed activity difference.
We also recorded CO IR spectra after in situ reduction in H2 at 300 °C. After cooling to
50 °C, the spectra were as a function for the CO coverage (in the absence of O2). Figure
3.7 shows the resulting spectra after saturation of the bands for Pd/CeO 2-cube and
Pd/CeO2-rod. After reduction, the spectra of the two samples look qualitatively similar
but very different from IR spectra obtained under CO oxidation conditions. The weak
bands in the 2100-2100 cm−1 can be attributed to electronic transitions of Ce3+, which
was formed in large quantities during reduction [68]. The main IR bands between 2100
and 2000 cm−1 observed in the spectra are due to CO adsorption on small reduced Pd
clusters in high dispersion [69]. The CO IR bands in Figure 3.7 might be mainly caused
by highly dispersed Pd clusters originating from reduction of the predominantly
isolated PdOx species. From this, we conclude that the Pd nanoparticles observed by
TEM constitute a relatively small fraction of Pd present in the sample.
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Figure 3.6: Helmholtz free energy analysis of CO oxidation on a Pd1O/CeO2(100) surface model
(energies are shown for T = 50 ℃) (color scheme: red, surface O; white, surface Ce; pink, O of
adsorbed species; blue, Pd).

Figure 3.7: CO IR spectra of reduced Pd/CeO2-rod (blue) and Pd/CeO2-cube (green) exposed to
2 mbar of CO at 50 °C. The catalysts were previously reduced in situ at 300 °C in H2 and then
evacuated while cooling to 50 °C. The inserts show DFT- optimized structures of CO on different
Pd configurations on CeO2(111) and CeO2(100). (color scheme: red, surface O; white, surface Ce;
pink, O of adsorbed species; blue, Pd).
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In order to better understand the dynamics of the two catalysts, we carried out an in
situ EXAFS study in which the Pd phase in Pd/CeO2-rod and Pd/CeO2-cube samples was
followed in different gas atmospheres. The Pd loading for these samples was 2% wt.
The as-prepared (non-calcined) samples contains Pd-oxide as evident from Pd-O and
Pd-Pd first and second coordination shells (Figure 8) [31,70]. When treated in CO at
200 °C, the Pd-oxide phase is reduced, which is evident from the loss of the Pd-O shell
and the appearance of a clear Pd-Pd metal shell (Table 3.3). When the samples are reoxidized again at 200 °C in O2, the Pd/CeO2-rod sample re-oxidizes more easily (the
oxidation degree is about 60% based on the Pd-O coordination number, i.e., the fully
oxidized PdO has 4 Pd-O bonds) compared to an oxidation degree of approximately
30% for Pd/CeO2-cube. The partial re-oxidation of the Pd/CeO2-rod sample is also
evident by the reappearance of the Pd-O shell (Figure 8). These results suggest that
upon re-oxidation, the Pd in the Pd/CeO2-rod sample is able to partially redisperse into
smaller clusters over the support, while the Pd in the Pd/CeO2-cube sample remains in
the aggregated reduced state.

Figure 3.8: Fourier-transformed and k space Pd K-edge EXAFS spectra of (a) Pd/CeO2-rod and
(b) Pd/CeO2-cube in as-prepared (top), CO-treated (middle) and O2-treated states (bottom). The
gray scatter plots represent the data, while the black solid curves represent the fittings.
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Table 3.3: Pd K-edge EXAFS fitting results for the Pd/CeO2-rod and Pd/CeO2-cube sample.
Pd/CeO2-rod
Shell

N

R (Å)

σ2 (*103) (Å2)

As-prepared

Pd-O

3.9 ± 0.2

1.99 ± 0.010

1.8

CO-treated

Pd-Pd

8.9 ± 0.9

2.74 ± 0.010

12

O2-treated

Pd-O

2.6 ± 0.3

1.99 ± 0.010

1.8

Pd-Pd

2.4 ± 0.7

2.74 ± 0.010

12

Shell

N

R (Å)

σ2 (*103) (Å2)

As-prepared

Pd-O

3.8 ± 0.4

2.00 ± 0.010

1.5

CO-treated

Pd-Pd

8.5 ± 0.8

2.73 ± 0.010

9.8

O2-treated

Pd-O

1.1 ± 0.3

2.00 ± 0.010

1.5

Pd-Pd

7.9 ± 1

2.73 ± 0.010

9.8

Pd/CeO2-cube

3.4 Conclusions
We investigated in detail the surface of a 1 wt% Pd catalyst supported on nanocubes of
CeO2, whose surface is predominantly enclosed by (100) facets. The resulting data are
compared to our earlier findings for Pd supported on nanorods of CeO 2 supported on
ceria (111) surfaces. Pd/CeO2-cube is much less active than Pd/CeO2-rod, but more
active than Pd/SiO2. This shows that there is synergy between the Pd phase and the
CeO2(100), although its extent is less than the Pd-CeO2(111) synergy. HR-TEM shows
that the surface of Pd/CeO2-cube contains nanoparticles. CO IR spectroscopy evidences
that the surface also contains highly dispersed Pd species, similar to Pd/CeO 2-rod. DFT
calculations suggest that Pd1O is a predominant species during CO oxidation, while also
small amounts of Pd1O2 and Pd1 are observed by IR spectroscopy. Using DFT, we also
constructed a catalytic cycle. Due to an unfavorable geometry, CO adsorbed to Pd 1O on
CeO2(100) will not react with the non-lattice O atom. Instead, CO reacts with a ceria
lattice O atom. This Mars-van Krevelen pathway is possible because the lattice O atom
in CeO2(100) is less strongly bonded than the lattice O atom in CeO 2(111). Due to the
relatively weak Pd-O bond strength, the non-lattice O atom migrates to the surface O
vacancy. Further CO adsorption on reduced Pd results in another Mars-van Krevelen
event. The resulting Pd atom close to a ceria O vacancy transforms in Pd 1O on the
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stoichiometric surface by O2 adsorption and dissociation. This catalytic cycle is less
favorable than the one involving Pd1O and Pd1O2 on CeO2(111) in which a LangmuirHinshelwood mechanism is followed. The difference in free energy barriers explains
well why Pd/CeO2-rods are active at room temperature, while Pd/CeO2-cubes can only
oxidize CO at higher temperature. Finally, EXAFS measurements show that the active
Pd phase in both Pd/CeO2-rods and Pd/CeO2-cubes responds dynamically with respect
to reducing and oxidizing conditions. The redispersion of Pd in oxidative conditions is
more pronounced for Pd/CeO2-rods.
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Chapter 4:
Strong metal-support interaction in Pd/CeO2
synthesized by flame-spray pyrolysis

Abstract

Aiming at cost reduction, it is imperative to decrease noble metal loadings in catalysts
used for environmental protection, such as CO oxidation. Substantial efforts are made
to understand the nature and extent of metal-support interactions. Herein, we report
the preparation of Pd-loaded catalysts based on a high surface area ceria support
obtained by flame-spray pyrolysis (FSP). Palladium was added either during the FSP
synthesis step or post-synthesis by conventional wet impregnation. The resulting
catalysts were thoroughly characterized for their morphological, structural and surface
properties in comparison to a catalyst containing a similar loading of Pd on nanorods
of CeO2. The FSP-made catalysts displayed an exceptionally high CO oxidation activity
at low temperature, substantially higher than the Pd/CeO2-nanorod catalyst. In situ IR
of adsorbed CO and near-ambient pressure XPS emphasize the highly dispersed and
oxidized character of the active Pd phase. Using in situ EXAFS we could establish that
sintering of the initially atomically dispersed Pd species upon exposure to a CO/O 2
mixture results into very small oxidized Pd clusters. This is essential to explain the
higher CO oxidation activity than the nearly atomically dispersed Pd species in the
nanorod supported sample. It is speculated that an intermediate CO adsorption energy
on the small oxidized Pd cluster is a key parameter to explain the unusually high lowtemperature CO oxidation activity. The results emphasize the importance of an oxidized
Pd phase for CO oxidation as well as the strong structure sensitivity and the dynamic
nature of this phase.

59

Chapter 4

4.1 Introduction
Cerium dioxide (CeO2) is a material currently extensively used for a wide range of
applications, spanning from oxygen sensors [1], to UV protectors [2] and to
nanomedicine [3]. Its main use, however, lies in heterogeneous catalysis: CeO2 is one of
the essential components of catalytic converters, due to its ability to assist the active
noble metal catalyst during rich-lean composition swings. Two of the most remarkable
features that CeO2 displays are its Oxygen Storage Capacity (OSC) and its ability to
disperse and stabilize noble metals species on its surface [4]. The OSC derives from the
ability of Ce to switch from the stable Ce4+ state to the reduced Ce3+ state in an oxygendepleted atmosphere, and to oxidize back to Ce4+ in an oxygen-rich atmosphere [5].
The ability of reducible oxides such as CeO2 to stabilize extremely small noble metal
clusters and even single atoms has been thoroughly studied in the past years as a result
to its economic potential. It has recently been shown that it is possible to stabilize small
noble metal clusters and even single atoms on model catalysts using a variety of
techniques [6,7]. The attractiveness of highly dispersed noble metal species originates
from the possibility to maximize atom efficiency. Selectively depositing single atoms
can boost the catalyst reactivity by effectively increasing the number of active sites and
creating different catalytic pathways [8–10]. The expression Strong Metal-Support
Interaction (SMSI) was first introduced by Tauster et al. to describe the phenomenon
through which a reducible support such as CeO2 is able to transfer electrons to the noble
metal deposited on it [11]. Several works have pointed out the advantages that come
from an engineered metal-support interaction and from the presence of single noble
metal atoms on a support [12–14]. The work of Cargnello et al. has been especially
meaningful in this field, by providing evidence of the increased catalytic activity at the
interfaces between metal clusters and the cerium dioxide support [15,16]. DFT
calculations have shown that gold single atoms on CeO2 are able to create strong
interactions with the support due to its reducibility. This allows the formation of
positively charged gold atoms, which have been shown to be very stable upon CO
adsorption and more active in CO oxidation compared to gold nanoparticles [17].
Similar conclusions were drawn by Cheng et al., who evaluated Pd/carbon
electrocatalysts for the hydrogen evolution reaction, and determined that single-atom
catalysts were 37 times more active than conventional nanoparticle-based structures
[18]. Recently, there have been reports on the stabilizing effect that CeO 2
nanostructures have on platinum species on their surface, which can enhance roomtemperature catalytic activity even after catalyst aging [19,20]. The study of metalsupport interactions should primarily be conducted under realistic conditions, in order
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to have a clearer picture of the behavior of the catalyst during its utilization. For this
reason, in the last decade, in situ and in operando studies have become the method of
choice for this type of experiments [21].
On the support side, extensive research effort has been spent on innovative synthesis
techniques for CeO2. Traditional synthesis techniques such as hydrothermal synthesis
or coprecipitation rarely yield CeO2 supports that display surface area values higher
than 100 m2/g [22,23]. A high surface area is attractive due to the higher number of
available nucleation sites for noble metals and adsorption sites for reactants.
Aerosol techniques offer the possibility to synthesize a wide variety of oxides, generally
characterized by a higher surface area than hydrothermally synthesized materials
[24,25]. Flame-spray pyrolysis (FSP) is an aerosol-based method that is able to yield
high purity, stoichiometrically precise oxides, whose textural properties can be tuned
in plenty of ways. FSP is based on the injection of an organic, combustible solution of a
precursor of the metal of choice in a flame. The temperature of the flame depends on
the choice of solvent and flame fuel, and it is typically around 2000 °C [24]. The
precursor solution is injected by a syringe into a needle, and sprayed through the needle
into a methane-oxygen flame. An additional oxygen flow assists in dispersing the flow
in very small droplets. Due to the high temperature and the oxidizing environment, the
organic portion of the droplets evaporates and combusts, leading to the growth of oxide
nanoparticles. An excessive particle growth is prevented by the small droplet size and
the short residence time in the flame, followed by rapid quenching. The high
temperature of the flame ensures full decomposition of the precursors: the newly
formed particles are therefore in a stable state and, in most cases, do not need to be
further calcined or washed with solvents, therefore lightening post-synthesis
procedures. Particle size can be effectively controlled by changing parameters such as
oxygen and methane flow, and precursor solution flow [26].
FSP-made CeO2 has already been efficiently used in several oxidation reactions [25]. An
example is soot oxidation, which benefits from the increased contact between soot
particles and high surface area CeO2 [27]. Moreover, it is possible to employ the FSP
technique not only to produce high surface area supports but to synthesize noble metalloaded supports as well, thus manufacturing a complete catalyst in a simple one step
procedure. As elucidated by Teoh et al. [25], spraying a single metal precursor into a
highly-oxidizing flame will lead to pure oxide particles. When small amounts of a
further component such as a noble metal are added during the FSP synthesis, the noble
metal can end up as a dopant in the support oxide structure and as finely divided metal
clusters on the surface of the support oxide [25]. Extremely well-dispersed palladium
species were obtained via a one-step FSP method used by Chiarello et al. Most of the
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palladium was located on the surface of the LaCoO3 support and only a small portion
was doped into the surface. This configuration was only stable under mild
pretreatments. Application of higher temperature or reduction-re-oxidation cycles led
to Pd clustering [28]. Pd/SiO2 prepared by means of a one-step FSP process contained
smaller Pd particles and a higher activity in selective 1-heptyne hydrogenation than a
similar catalyst prepared by impregnation of Pd on a FSP-SiO2 support [29]. Similar
beneficial results were obtained when preparing Pd/Al2O3 at different loadings via FSP,
resulting in Pd particles in close contact with the Al2O3 support. A pretreatment in H2 at
500 °C proved to be beneficial to both rate and enantioselectivity in the hydrogenation
of 4-methoxy-6-methyl-2-pyrone, achieving better performance than commercial
catalysts [30]. Flame synthesis of a Pd-doped perovskite resulted in enhanced activity
in NO reduction, due to the strong metal-support interaction [31]. A slightly different
approach was followed by Yu et al. They compared catalysts made via injection of a
solution of rhodium and aluminum precursors in the flame to catalysts made with a
solution of a rhodium precursor with pre-formed Al2O3 particles injected into the flame.
Both types of Rh/Al2O3 catalysts displayed a high rhodium dispersion and higher
reactivity than benchmark systems in steam methane reforming, with the highest
methane conversion obtained by the rhodium particles deposited on pre-formed Al2O3
particles [32].
In the present study, we report the preparation of high surface area CeO 2 supports by
FSP and compare the obtained materials with a benchmark CeO2 nanorod support
synthesized by a hydrothermal method. Palladium was then either impregnated on
CeO2 by a conventional wet impregnation method (two step procedure) or
incorporated in the synthesis mixture during the FSP production (one step procedure).
All samples displayed a high CO oxidation activity, with the FSP-made catalysts being
substantially more active than the reference. The metal-support interaction was
assessed by a wide range of experimental methods, including IR spectroscopy of
adsorbed CO, NAP-XPS and in situ EXAFS, proving the different nature of the interaction
between Pd and CeO2 samples prepared via different routes.

4.2 Experimental
4.2.1

Materials and synthesis

Ce(NO3)3·6H2O (99.5% purity) was purchased from Alfa Aesar. Pd(NO3)2·2H2O (40% Pd
basis), NaOH (reagent grade, ≥ 98%), Ce(ac)3·H2O (ac = acetate, 99.9% purity),
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Ce(acac)3·H2O (acac = acetylacetonate, 99.9% purity), Pd(acac)2 (99% purity), glacial
acetic acid (99.7% purity) were purchased from Sigma Aldrich. Absolute ethanol
(99.5% purity) was purchased from VWR. All compounds were used without further
purification.
Hydrothermal synthesis was performed following the procedure detailed in reference
[33]. Briefly, Ce(NO3)3·6H2O was dissolved in 5 mL demineralized water to a
concentration of 5 mM. The solution was poured into a solution of 24 g NaOH in 35 mL
demineralized water. The resulting slurry was stirred for one hour at room
temperature, then the volume was increased to 100 mL with demineralized water. The
hydrothermal procedure was conducted in a stainless steel autoclave with a 125 mL
Teflon liner, which was transferred into an oven and kept at a temperature of 100 °C
for 24 hours. The resulting solid was separated from the liquid by means of
centrifugation and washed with demineralized water 4 times and with ethanol twice.
The powder was dried at 80 °C in a vacuum oven for 2 hours and then calcined at 500
°C for 4 h in a 20/80 (v/v) O2/He flow. The typical yield was close to 100%.
FSP synthesis was performed using a Tethis NPS10 setup. Cerium acetate was dissolved
in glacial acetic acid to a concentration of 0.15 M. The mixture was heated to 80 °C and
stirred until clear. 50 mL of the solution were drawn into the syringe of the FSP system.
The solution was injected in the nozzle at flow rates of 2.5 mL/min, 5 mL/min, or 10
mL/min. The flame was fed with a 1.5 L/min (STP) methane flow and a 3.0 L/min (STP)
oxygen flow, with an additional 5.0 L/min (STP) oxygen dispersion flow around it, no
supporting oxygen flow, and keeping an overpressure of 2.5 bar. A similar procedure
was performed by changing the cerium precursor to cerium acetylacetonate, which was
dissolved in glacial acetic acid to reach a concentration of 0.10 M. The synthesis
conditions were the same as the ones reported above, with an injection rate of 5
mL/min. In the case of the one-step sample, palladium acetylacetonate was added to
the cerium acetylacetonate mixture.
To deposit Pd on the CeO2 supports, wet impregnation was employed. A suitable
amount of Pd(NO3)2·2H2O was dissolved in demineralized water and the resulting
solution was poured onto the chosen support, in order to achieve the desired 1% weight
loading. The dispersion was vigorously stirred for 30 minutes at room temperature and
then the water was evaporated by heating at 110 °C while stirring. The solid was dried
at 100 °C and calcined at 300 °C for 4 h in a 20/80 (v/v) O2/He flow.
The FSP-made pure CeO2 support will be named as FSP-CeO2, the hydrothermally made
pure CeO2 support will be named Rod-CeO2. The catalyst prepared with the FSP in one
step containing Pd will be named Pd/FSP-one, the catalyst by wet impregnation on the
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FSP-CeO2 will be named Pd/FSP-two, and the catalyst generated by the impregnation
of the Rod-CeO2 will be named Pd/Rod.

4.2.2

Catalyst characterization

The Pd loading was determined using an ICP-OES instrument (Spectroblue, AMETEK
Inc.). In order to solubilize the sample, 50 mg were dissolved in 5 mL of concentrated
H2SO4. The mixture was stirred and heated at 150 °C until the color turned to yellow,
followed by cooling to room temperature. Approximately 20 mL of demineralized water
was carefully added. Once the solution was transparent, it was appropriately diluted for
the analysis. In case the support originated from FSP synthesis, there is the chance of a
minor SiO2 contamination from the glass fiber filter, which cannot be dissolved by H 2SO4
and might cause problems with the narrow pipelines of the ICP-OES instrument.
Therefore, the solution was transferred to Teflon glassware and 1 mL of 4% v/v HF in
demineralized water was added. ICP-OES analysis was conducted in duplo, in order to
verify the reproducibility of the results, and with the aid of a calibration line comprising
standards with concentrations between 0 and 2 mg/mL. The wavelengths used for Pd
concentration determination were 324.270, 340.458 and 229.651 nm.
X-Ray Diffraction patterns were recorded on a Bruker D2 Phaser powder diffraction
system using Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02° in
the 2θ range = 10-90°. Particle size was calculated with the Scherrer method by the
DiffracEva software, by evaluating the Full Width at Half Maximum (FWHM) of the CeO2
(111) reflection located at 2θ = 28.6°.
N2 physisorption was performed at 77 K on a Micromeritics TriStar II 3020 instrument.
Typically, 200 mg of sample were transferred in a glass sample tube. The sample was
initially heated to 120 °C under a N2 flow overnight to desorb water and impurities. The
Brunauer-Emmet-Teller method was used to determine the surface area. Particle size
was calculated from the BET results, using the following formula:
𝑑𝐵𝐸𝑇 =

6

(4.1)

𝐴𝑆 ∗𝜌𝑃

where d is the particle diameter, AS is the surface area calculated with the BET model,
and ρP is the density of the material (7.2 g/cm3 for CeO2). This formula assumes all
spherical particles.
TEM measurements were performed on a FEI Tecnai 20 electron microscope at a
voltage of 200 kV with a LaB6 filament. A few milligrams of each sample were sonicated
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in absolute ethanol, and a few drops of the resulting dispersion were dripped over a
carbon-coated Cu grid. The ImageJ software was utilized to perform particle count on
different representative images [34]. At least 100 particles per sample were analyzed
in order to evaluate the average particle size and shape.
Hydrogen-Temperature Programmed Reduction (H 2-TPR) experiments were
performed on a Micromeritics AutoChem II 2920 equipped with a U-shaped quartz
reactor, a computer-controlled oven and a Thermal Conductivity Detector (TCD).
Sample quantities between 50 and 100 mg were inserted between two quartz wool
plugs inside the reactor. Before reduction, the samples were pretreated in situ to
remove impurities and adsorbed gases. Bare supports were calcined at 500 °C in a 50
mL/min in a 5 vol% O2/He flow, while Pd-containing samples were calcined at 300 °C
in a 50 mL/min in a 5 vol% O2/He flow. After calcination, the samples were cooled to
room temperature, where they were exposed to a He flow for 30 minutes. The reduction
was performed by exposing the sample to a 50 mL/min 4 vol% H2/He flow and ramping
the temperature to 1000 °C at a rate of 5 °C/min.
Infrared measurements were carried out on a Bruker Vertex 70v IR spectrometer
equipped with a room temperature DTGS detector. The experiments were performed
in situ by using a home-built stainless steel transmission in situ cell. The background
was collected with the empty cell by averaging 512 scans with a resolution of 2 cm−1 in
the 4000-1000 cm−1 range. Approximately 20 mg of sample were pressed into a selfsupporting pellet with a diameter of 13 mm, which was then transferred into the sample
holder compartment of the in situ cell. 32 scans were collected and averaged for each
spectrum in the 4000 – 1000 cm−1 range. The samples were subjected to an oxidizing
procedure, followed by CO adsorption at 50 °C, then to a reducing procedure, followed
by CO adsorption at 50 °C, and finally to an oxidizing procedure, followed to CO
adsorption at 50 °C. For the oxidizing procedure, the sample was previously calcined in
situ under O2/N2 flow with a ramp rate of 10 °C/min to 300 ˚C, followed by a dwell of
30 minutes. The sample was outgassed until a residual pressure of 5×10−5 mbar was
reached. It was then cooled to 50 °C in a static atmosphere of 2 mbar of O 2. The CO was
introduced in the system via a sample loop (10 µL) connected to a Valco six-port valve.
Pulses of CO were administered without previous evacuation. CO was pulsed until
saturation (evaluated by the observation of infrared bands) was reached, while
recording the pressure. The reducing procedure involved a treatment at 300 °C in H2/N2
flow for 30 minutes, before being evacuated until a pressure of 5×10−5 mbar and then
allowed to cool to 50 °C in vacuum. The sample was then exposed to CO pulses, by using
the procedure described above. After reaching CO saturation on the previously reduced

65

Chapter 4

sample, the oxidizing pretreatment was repeated. The sample was finally subjected to
CO pulses, as described above.
Near-atmospheric pressure X-ray photoelectron spectroscopy (NAP-XPS) experiments
were conducted on a SPECS GmbH machine equipped with a Phoibos 150 NAP detector
and an Al Kα X-ray source (E = 1486.6 eV). Gases were administered via calibrated mass
flow controllers. A pellet of each sample was pressed. The pellet was introduced in the
spectrometer chamber, and the chamber was evacuated to the residual pressure of 10−8
mbar. Seven different conditions were studied: (I) after calcination in 2 mbar O2 at 300
°C for 1.5 h, (II) after a 1.5 h exposure at 50 °C to CO and O2 (1 mL/min of each gas was
flowed until a pressure of 2 mbar was reached in the cell), (III) after ramping up at a
rate of approximately 10 °C/min in the same CO + O2 mixture until 300 °C, (IV) in ultrahigh vacuum after exposure to 2 mbar H2 at 300 °C for 1.5 h, (V) after calcination in 2
mbar O2 at 300 °C for 1.5 h, (VI) after a 1.5 h exposure at 50 °C to CO and O2 (1 mL/min
of each gas was flowed until a pressure of 2 mbar was reached in the cell). Survey scans
were measured at constant pass energy 40 eV and region scans at 40 eV. The resolution
of the spectrometer is ±0.01 eV. Binding energy calibration was performed by using the
uIII component of the Ce 3d line at 916.7 eV as reference. XPS spectra were fitted with
CasaXPS. A Shirley background was applied and Lorentzian-Gaussian curves were fitted
to the data.

4.2.3

Catalytic activity measurements

Catalytic activity measurements were performed in a high-throughput setup equipped
with a 10 tube parallel flow reactor. 50 mg of previously sieved sample with a fraction
between 125 and 250 µm were mixed with 200 mg of SiC of the same sieve fraction, as
inert component. The mixture was packed between two quartz wool plugs. As a
reference, one reactor was packed with SiC only. The reaction was performed at
atmospheric pressure. The catalysts were previously calcined in situ with a flow of 20
vol% O2 in He (50 mL/min STP total flow for each reactor). After calcination, the
catalysts were subjected to a heating ramp to 300 °C at 5 °C/min and the temperature
was kept constant for 3 hours. Then, they were allowed to cool to room temperature
while maintaining flow. The reaction flow amounted to 1 vol% CO and 1 vol% O 2
balanced with He (total flow 50 mL/min STP in each reactor). The temperature range
chosen was from 40 °C to 300 °C. The temperature was increased by 25 °C steps with a
rate of 5 °C/min. After a waiting time of 20 min at the desired temperature to allow
steady state to be reached, the effluent gas was analyzed by online gas chromatography
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with an Interscience Compact GC equipped with Plot (TCD) and Molsieve (TCD)
columns.

4.2.4

X-Ray absorption spectroscopy

XAS experiments were performed at the DUBBLE beamline (BM26a) at ESRF in
Grenoble, France. The data were collected at the Pd K edge (24.4 keV) at atmospheric
pressure. A Pd foil was used as a reference to calibrate E0. Homebuilt stainless steel in
situ spectroscopic cells with Kapton® windows and graphite spacers were used. The
suitable quantity of sample was calculated with the XAFSmass software [35].
Approximately 20 mg of sample were mixed with γ-alumina and ground together in a
mortar. The mixture was transferred in the sample holder and placed in the in situ cell.
Quick-EXAFS (QEXAFS) data were recorded in fluorescence mode using Pd foil as a
reference. Gases were premixed before reaching the cell and the total flow was 50
mL/min STP. Before the experiments, the samples were calcined in situ in a 20 vol%
O2/He mixture, ramping at a rate of 5 °C/min until a temperature of 300 °C was reached,
before allowing them to cool to 50 °C in the same gas mixture. The samples were then
exposed to a mixture of 1 vol% CO, 1 vol% O2 balanced in He at 50 °C for one hour,
collecting one QEXAFS every 15 min. Background subtraction was performed with the
Athena software of the Demeter package [36]. Linear combination fitting (LCF) was
performed by fitting the XANES portion of the spectra ranging from −20 to 100 eV
around the absorption edge. A reference Pd foil and a reference PdO spectrum were
used for LCF. QEXAFS spectra were fitted with the Artemis software of the Demeter
package. S02 was obtained by fitting a PdO standard, and consequently fixed to a value
of 0.70 for all further fittings procedures. Fits were performed simultaneously in Rspace on k1-, k2-, and k3-weighted spectra. The fitting ranges were Δk = 3-10 Å−1 and ΔR
= 1.0-3.2 Å. The spectra were not phase-corrected.
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4.3 Results and discussion
The reproducibility of the FSP synthesis was evaluated using a solution of 0.15 M Ce
acetate in glacial acetic acid as precursor, which was injected in the flame at different
rates, ranging from 2.5 mL/min to 10 mL/min. In a similar spirit as the optimization
study of Mädler et al. [37], we decided to evaluate whether those results would be
reproducible on our machine. We obtained very fine polyhedron-shaped CeO2
nanoparticles with a size as small as 3.4 nm as shown in Table 4.1. The sample with the
smallest particle size had a BET surface area higher than 200 m2/g.
Table 4.1: Textural properties of CeO2 nanoparticles synthesized by FSP using 0.15 M cerium
acetate in glacial acetic acid in a Tethis NPS10 setup.
Sample

Injection rate
(mL/min)

BET surface
area (m2/g)

Particle size
TEM (nm)

Sample A

2.5

207

3.4 ± 1

Sample B

5

153

5.0 ± 1

Sample C

10

106

8.3 ± 3

Compared to the work of Mädler’s group, we experienced solubility problems of cerium
acetate in acetic acid. Therefore, after verifying the comparability of the results, we used
cerium acetylacetonate as a precursor and used a concentration of 0.10 M in glacial
acetic acid and an injection rate of 5 mL/min as a compromise between good textural
properties and product yield.
An optimized recipe using cerium acetylacetonate (0.10 M in glacial acetic acid) was
used to prepare CeO2-FSP. The textural properties of FSP-CeO2 are compared with a
hydrothermally-synthesized rod-shaped CeO2 (named Rod-CeO2) [33,38]. The surface
area of the FSP-CeO2 sample is twice as high as that of the Rod-CeO2 (Table 4.2). TEM
images of the FSP-CeO2 sample show the crystalline octahedral morphology of the
primary ceria particles, and emphasize the narrow distribution of the particle size
(Figure 4.1). The CeO2 nanoparticles have an average size of 4.8 ± 1 nm. Two
approaches were used in order to include 1 wt% Pd in the FSP-CeO2. The first approach
was based on adding Pd(acac)2 to the FSP precursor solution, while the rest of the
synthesis approach was kept identical (Pd/FSP-one). The second approach employed a
conventional wetness impregnation step with Pd(NO3)2, followed by calcination at 300
°C (Pd/FSP-two). The reference Pd/Rod sample was prepared by a similar wetness
impregnation used for Pd/FSP-two using Rod-CeO2 as the support. The accuracy of the
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metal loading was verified by ICP-OES on Pd/Rod and Pd/FSP-one. Pd/Rod contained
1.11 ± 0.04 wt% Pd, while Pd/FSP-one contained 1.33 ± 0.02 wt% Pd.
TEM evaluation of the supports and the catalysts shows that the inclusion of Pd in the
synthesis of Pd/FSP-one does not affect particle size substantially (Figure 4.1). In all
catalysts, no Pd phase could be discerned using conventional TEM. The nature of Pd
species deposited on the Rod-CeO2 support was previously investigated with AC-TEM
[33]. Briefly, in oxidized conditions, Pd is so finely dispersed that it mainly exists in the
form of single atoms and extremely small clusters, which cannot be detected by TEM,
primarily due to the poor contrast between Pd and Ce. An additional aspect relevant to
Pd/FSP-one is the expected homogeneous distribution of Pd throughout the bulk of the
ceria. When the droplets are formed in the spray during FSP, the homogeneity of the
precursor solution and rapid quenching ensure an optimal Pd dispersion. Thus, most
likely this sample also contains Pd in ceria lattice positions, next to surface Pd species.
We did not observe a clear Pd phase in Pd/FSP-two by TEM, emphasizing the high Pd
dispersion in this sample as well.
Table 4.2: Textural and morphological properties of the different CeO2 samples.
Sample

BET surface
area

(m2/g)

Particle size

Particle size

Particle size

BET (nm)

Scherrer (nm)

TEM (nm)
4.8 ± 1

FSP-CeO2

157

5

5

Rod-CeO2

78

11

11

Pd/Rod

72

12

16

Pd/FSP-two

145

6

5

4.8 ± 1

Pd/FSP-one

164

5

5

4.6 ± 1

11 ± 2 (width)
160 ± 50 (length)
11 ± 2 (width)
160 ± 50 (length)

The XRD patterns of the samples are presented in Figure 4.2. All samples display the
reflections of pure cubic fluorite CeO2 of the Fm-3m group (ICCD card 43-1002). All FSPmade samples exhibit relatively broad diffraction lines, which is typical for
nanocrystalline powders. The observation that the main diffraction peaks contain a
sharp component can suggest that the sample also contains a small amount of
significantly larger ceria particles. The XRD patterns did not contain any signatures of
Pd phases. The XRD pattern of the Pd/FSP-one sample displayed a shift of the main
diffraction line of approximately 0.6 degrees, which is indicative of the inclusion of at
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least part of the palladium in the CeO2 lattice. The peak shift to higher angle indicates a
smaller unit cell, which is commonly observed when a smaller cation is included in the
unit cell of ceria [23,28,39,40]. The CeO2 particle size determined from XRD by use of
the Scherrer equation is in good agreement with the TEM average particle size.

Figure 4.1: TEM images of the Pd/Rod sample (top left), the FSP-CeO2 support with the particle
size distribution histogram (top right), the Pd/FSP-two sample (bottom left) and of the Pd/FSPone sample with the particle size distribution histogram (bottom right).

Figure 4.2: XRD patterns of the samples and for the CeO2 reference (ICCD card 43-1002).

70

Strong metal-support interaction in Pd/CeO2 by flame-spray pyrolysis

H2-TPR was employed to characterize the Pd and CeO2 phases and their interaction
(Figure 4.3). Pure CeO2 reduces in two steps. Surface oxygen is reduced at
temperatures between 300 °C and 600 °C, while bulk oxygen reduces at temperatures
higher than 700 °C (Figure 4.3b) [41,42]. For Pd-containing samples, the TPR traces
are different. The peak between 300 °C and 600 °C is less pronounced, while there is a
very intense reduction feature at temperatures below 200 °C, which can be attributed
to the reduction of PdO species to metallic Pd in the first place (Figure 4.3a). Pd/Rod
and Pd/FSP-two, which were subjected to a wet impregnation procedure to deposit Pd,
display intense and sharp reduction features at 89 °C and 98 °C, respectively. Pd/FSPone, instead, presents a slightly broader peak at higher temperature with a maximum
located at 139 °C and a shoulder located at 151 °C. This result suggests that the two
different FSP synthesis methods yield Pd species with a different interaction with CeO2.
The palladium in Pd/FSP-one appears to be the most difficult to reduce and to be
present in two different configurations.
Furthermore, H2 consumption correlated to the low temperature peak was normalized
to the palladium content in each sample, obtaining the H/Pd ratio. Unlike for Pd/Rod
(H/Pd = 1.9), the H/Pd ratios for Pd/FSP-two (H/Pd = 2.5) and Pd/FSP-one (H/Pd =
2.7) were higher than the stoichiometric value of 2. A higher than stoichiometric H/Pd
ratio of 2 suggests that the reduction does not only relate to PdO, but also to the ceria
surface. The surface oxygen reduction peaks of bare supports (300 °C – 600 °C) have a
higher area than their counterparts in Pd-containing samples (Figure 4.3b) due to the
fact that part of the surface is already reduced along with palladium. Bulk oxygen
reduction is not affected by the presence of Pd on the CeO2 surface.
The low-temperature oxygen availability is commonly attributed to the presence of Pd
species in strong interaction with the support [43,44]. Therefore, we hypothesize that
part of the surface oxygen of the CeO2 lattice is able to reduce at lower temperatures
due to the interfacial interaction with Pd. Our H2-TPR experiments point out that
Pd/FSP-two is characterized by a much higher metal-support interaction than the other
impregnated sample, Pd/Rod. Pd/FSP-one shows the highest metal-support
interaction, which suggests that part of the palladium is likely to be located in the
surface, rather than on the surface.
Catalytic activity in the CO oxidation reaction was evaluated for both the bare supports
and the Pd-containing catalysts (Figure 4.4). The bare supports did not show any
activity below 175 °C and did not reach full CO conversion below 300 °C. The Pdcontaining samples are much more active, already at temperatures below 100 °C [38].
While Pd/Rod was the catalyst that reached total conversion at the lowest temperature
(150 °C), the FSP-made catalysts showed a much higher catalytic activity below 100 °C.
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The remarkable catalytic activity of FSP-made samples has previously been reported
[32]. Some of the reasons that have been mentioned are the higher surface area of FSPmade catalysts, and the strong metal-support interactions promoting a higher
dispersion of the noble metal on the FSP-made supports.

Figure 4.3: H2-TPR profiles of the samples in the temperature range between 40 °C and 300 °C
(a) and between 300 °C and 1000 °C (b), with an 8x magnification.

Figure 4.4: CO conversion as a function of temperature (1 bar, 50 mL/min total gas flow) in the
CO oxidation reaction. The catalysts were calcined at 300 °C prior to the reaction.
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We explored the substantial differences between these samples further by in situ CO-IR
spectroscopy of Pd/Rod, Pd/FSP-one and Pd/FSP-two (Figure 4.5). Spectra were
recorded after applying the following conditions: (i) the catalysts were calcined at 300
°C and cooled in 2 mbar O2 to 50 °C, followed by pulsing CO at this temperature without
prior evacuation (‘Oxidized I’, left column in Figure 4.5), (ii) subsequent reduction at
300 °C in H2, followed by cooling to 50 °C and further CO pulsing (‘Reduced’, middle
column in Figure 4.5), and (iii) re-calcination at 300 °C and cooling in 2 mbar O2 at 50
°C, followed by CO pulsing without prior evacuation (‘Oxidized II’, right column in
Figure 4.5). In ‘Oxidized I’ conditions, the Pd/Rod sample displays peaks at 2143 cm−1
and 2098 cm−1, which were earlier attributed based on DFT calculations to CO adsorbed
in a linear configuration on PdO single sites and PdO 2 single sites [33]. The signals
around 1900 cm−1 can be ascribed to a small amount of highly dispersed oxidized Pd
clusters. At higher wavenumbers (2349 cm−1), peaks related to the presence of gasphase CO2 are visible, demonstrating that the catalysts are active in CO oxidation at a
temperature as low as 50 °C. The spectra for the Pd/FSP-two sample are dominated by
a peak at 2148 cm−1, suggesting a much better active phase definition than the Pd/Rod
sample. In contrast, Pd/FSP-one gave rise to very different spectra after applying the
same conditions. No clear signals due to adsorbed CO are visible. The only apparent
signals are those of gaseous CO, noticeable at higher pressures. This suggests that the
sample initially contains mostly Pd in the bulk and surface of CeO 2. After reduction
(‘Reduced’), all three samples display comparable spectra with a main peak in the 20502065 cm−1 region due to CO linearly adsorbed on extended Pd surfaces and clusters
[33,45]. The bands below 1970 cm−1 can be assigned to CO adsorbed in a bridged and
three-fold configuration on metallic Pd. The broad band between 2200 and 2100 cm −1
is attributed to the electronic transitions of Ce3+ surface states generated during the
reduction process [46]. Once the samples were oxidized again (‘Oxidized II’), these
signature IR bands of reduced Pd were lost. For Pd/Rod, we observe that the spectra
look similar to the initial spectra for oxidized Pd/Rod, except that the different relative
intensities suggest a somewhat different distribution of highly dispersed species.
Qualitatively, Pd/FSP-two behaves in a similar way, displaying similar CO adsorption
signals between the ‘Oxidized’ and ‘Oxidized II’ condition. A remarkable difference can,
instead, be seen for the Pd/FSP-one sample. While in the ‘Oxidized I’ conditions it was
not possible to detect any significant peaks related to the adsorption of CO on surface
species, after reduction and in the ‘Oxidized II’ conditions, there are weak signals that
can be ascribed to the adsorption of CO on Pd single sites.
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Figure 4.5: IR spectra of CO pulsing at 50 °C on the Pd/Rod (top row), Pd/FSP-two (middle row)
and the Pd/FSP-one (bottom row) samples under Oxidized I (left column), Reduced (middle
column) and Oxidized II (right column) conditions. The spectra represent increasing quantities of
CO pulsed on the sample until saturation. In oxidized conditions, the CO is pulsed in the presence of 2
mbar O2, while in reduced conditions, the CO is pulsed on an oxidized sample.

These observations can be discussed in terms of changes in the oxidation, dispersion
and location of Pd. During reduction, atomically dispersed PdOx species are converted
to isolated Pd atoms that can easily aggregate into small metallic clusters. The lower
stability of reduced Pd atoms in comparison to PdO x is in line with recent theoretical
predictions [28,33]. A similar conclusion has also been drawn for Pt/CeO2 catalysts by
Lykhach et al., who emphasized the formation of sub-nanometer particles under
reducing conditions [47].
The CO IR results also show that these reduced Pd species can be re-oxidized and redispersed to some extent. In all cases, the bands characteristic for CO coordinating in a
two- or three-fold configuration to metallic Pd are absent and only a weak shoulder of
CO coordinating end-on to metallic Pd is visible for Pd/Rod, next to a main band around
2098 cm−1 due to the oxidized Pd species. The band due to isolated PdO2 at 2148 cm−1
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is weaker for Pd/Rod than after the initial oxidation steps, which suggests a lower
abundance of such species in comparison to PdO species. Notably, the feature assigned
to small oxidized Pd clusters around 1900 cm−1 is more intense, confirming that not all
clustered species could be re-dispersed into isolated Pd. The oxidation of the reduced
phase in Pd/FSP-two is much more pronounced and only the bands due to isolated PdO2
and PdO remain after oxidation. Similar changes are brought about by oxidation of the
reduced Pd/FSP-one sample. For the latter sample, we can suggest that Pd initially in
or below the CeO2 surface was extracted during the reduction step and then redispersed into isolated PdOx during re-oxidation.
To shed further light on the dispersion and oxidation state of palladium during
oxidation and reduction, a NAP-XPS study was performed. Figure 4.6 shows the spectra
for the three catalysts under varying conditions. The 3d5/2 peak at 338 eV is assigned to
a highly-dispersed Pd phase in close interaction with ceria (Pd-Ox-Ce) with Pd in a 2+
oxidation state [44]. Pd/FSP-one and Pd/FSP-two contain exclusively this form of
highly dispersed Pd. Pd/Rod also contains a small amount of clustered PdOx as evident
from the weak peak at 336 eV [44]. The presence of a larger amount of clustered Pd on
ceria nanorods in comparison to FSP-CeO2 is in line with the CO IR results in Figure 4.5
and the findings in Chapter 2. Exposure to a mixture of CO and O2 at 50 °C does not cause
significant changes in the oxidation state of palladium (condition II in Figure 4.6).
Heating in the same mixture until 300 °C (condition III) causes the appearance of a Pd
state at 335.4 for Pd/Rod sample, which is due to reduced Pd0. Notably, these bands are
not formed in Pd/FSP-two and Pd/FSP-one under these conditions. Reduced Pd
appears in these samples only upon exposure to 2 mbar H2 at 300 °C (condition IV).
Calcination of the samples in O2 at 300 °C completely restores the dispersed Pd-Ox-Ce
phase in Pd/FSP-one and Pd/FSP-two (condition V). For Pd/Rod, we observe that
calcination results in a small amount of the Pd-Ox-Ce phase and a predominant PdO
phase with a lower interaction with ceria. The introduction of CO and O2 at 50 °C causes
a mild Pd re-dispersion (condition VI) for this catalyst, while no changes are observed
for the FSP-derived ones.
The NAP-XPS results suggest that palladium is found in a highly-dispersed state in the
FSP-made catalysts, similar to the initial state of the Pd/Rod. While CO oxidation at
elevated temperature on Pd/Rod results in the appearance of larger Pd0 clusters and a
PdO phase interacting only weakly with ceria upon calcination, the Pd phase in the
Pd/FSP-CeO2 remains highly oxidized and in close contact with the ceria. This points to
a strong metal-support interaction in the FSP-ceria catalysts. As previously shown via
CO-IR experiments, the high dispersion can be restored even after reduction with H 2
and subsequent re-oxidation.
75

Chapter 4

Figure 4.6: NAP-XPS studies of the samples in different conditions: (I) after calcination in 2 mbar
O2 at 300 °C, (II) after exposure to equal amounts (on a volume basis) of CO and O 2 at 50 °C at 50
°C at a pressure of 2 mbar, (III) after ramping up in the same CO + O2 mixture until 300 °C, (IV)
in ultra-high vacuum after exposure to 2 mbar H2 at 300 °C, (V) after calcination in 2 mbar O2 at
300 °C, (VI) after exposure to equal amounts (on a volume basis) of CO and O2 at 50 °C at 50 °C.

The local environment of palladium under reaction conditions was investigated with
EXAFS. The catalysts were calcined in an O2/He flow up to 300 °C prior to the
experiment. Prolonged exposure of the Pd/Rod and the Pd/FSP-one sample to a flow of
CO/O2/He at 50 °C was monitored in situ by collecting quick-EXAFS spectra (QEXAFS).
Figure 4.7 shows the Fourier-transformed k3-weighed EXAFS spectra for both samples,
starting from a fully oxidized state and with increasing exposure time to the reaction
feed. In an oxidized state (black curves), both samples display a clear Pd-O shell. The
lack of a well-defined second shell confirms the initial high Pd dispersion. For the
Pd/FSP-one sample (top half of Figure 4.7), the Pd-O first shell peak decreases in
intensity as soon as the oxygen feed is replaced for the CO+O2 reaction feed. In parallel,
a second shell Pd-Pd peak appears which becomes stronger with increasing exposure
time. These changes can be explained by a partial removal of O around the initially
highly dispersed Pd species and a slight sintering of the Pd. Similar but much less
pronounced changes are noted for the Pd/Rod sample. Only after 60 min of exposure, a
clear Pd-Pd shell appears. The data in Table 4.3 corroborate these differences. While
the Pd-Pd coordination in Pd/Rod remains below 2, the sintering of the Pd/FSP-one
sample is evident from the Pd-Pd coordination number of nearly 4 after prolonged
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exposure to the reaction mixture. LCF fitting of Pd XANES shows that Pd is completely
oxidized in both samples after calcination. In both samples, there is only a very small
reduction during the ongoing CO oxidation reaction. After 60 min, the metallic Pd
fraction in Pd/Rod and Pd/FSP-one are 12% and 20%, respectively (Figure 4.8). The
higher reduction degree in the Pd/FSP-one catalyst is consistent with the higher Pd-Pd
coordination number.

Figure 4.7: k3-weighed Fourier transformed EXAFS data collected at the Pd K edge under a
CO/O2/He flow at 50 °C: top) the Pd/Rod sample, bottom) the Pd/FSP-one sample. The spectra
represent increasing time in the reaction flow (black = calcined, red = 15 min exposure, blue = 30
min exposure, green = 45 min exposure, magenta = 60 min exposure).

Figure 4.8: Linear combination fitting of the in situ XANES portion of the Pd K-edge XAS spectra,
from as-calcined to increasing exposure time to the CO + O2 reaction feed.
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Based on these data, we speculate that the higher CO oxidation activity of Pd/FSP-one
is due to a slight sintering of the Pd phase into a highly dispersed PdOx phase along with
a very minor reduction that can be probed by XANES but not by NAP-XPS. XAS is a bulk
averaging technique. If the Pd-Pd coordination number of 3-4 for this catalyst would be
caused by 20% of Pd that is completely reduced, the sample should contain large
reduced Pd nanoparticles, which should give rise to a Pd0 signal in NAP-XPS. As such an
XPS signal is absent, we infer that the structures probed by EXAFS are highly dispersed
PdxOy phase in close interaction with the ceria support. A possible reason for the high
CO oxidation activity is then a moderate CO adsorption energy on these partiallyreduced PdxOy clusters. Earlier, Liu et al. showed that the CO oxidation barrier for ceriasupported Pd8Om clusters decreased when the oxygen content m became larger because
of a decreased CO binding energy [48]. The Pd/Rod sample retains a higher dispersion
at 50 °C, which may be due to the trapping of palladium by surface defects such as steps,
as previously reported for platinum by Jones et al. [19]. Likely, the light-off of this
sample is associated with partial reduction and sintering into larger PdxOy structures.
An important difference between the two samples is that the Pd phase in Pd/FSP-one
remains highly dispersed in contrast to Pd/Rod. A tentative explanation for the better
resistance towards sintering of Pd/FPS-one is the fact that the number of Pd atoms per
FSP-CeO2 particle is much smaller than the number of Pd atoms per Rod particle.
Table 4.3: Pd K-edge EXAFS fitting results for the Pd/Rod sample.
Pd/Rod
Shell

N

R (Å)

σ2 (*103)
(Å2)

Calcined

Pd-O

3.5 ± 0.4

2.00 ± 0.012

3.8

CO + O2 15 min

Pd-O

3.3 ± 1

2.00 ± 0.032

2.4

Pd-Pd

1.5 ± 2

2.75 ± 0.095

8.0

Pd-O

2.3 ± 0.6

2.03 ± 0.024

3.4

Pd-Pd

1.9 ± 2

2.83 ± 0.074

8.4

Pd-O

2.3 ± 0.4

2.00 ± 0.014

3.1

Pd-Pd

1.7 ± 1

2.79 ± 0.041

5.4

Pd-O

2.4 ± 0.2

2.02 ± 0.0080

0.20

Pd-Pd

1.8 ± 0.7

2.80 ± 0.019

10

CO + O2 30 min

CO + O2 45 min

CO + O2 60 min
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Table 4.4: Pd K-edge EXAFS fitting results for the Pd/FSP-one sample.
Pd/FSP-one

Calcined

CO + O2 15 min

CO + O2 30 min

CO + O2 45 min

CO + O2 60 min

Shell

N

R (Å)

σ2 (*103)
(Å2)

Pd-O

3.2 ± 0.3

2.00 ± 0.011

1.5

Pd-Pd

2.2 ± 1

2.78 ± 0.037

8.3

Pd-Pd

3.2 ± 0.5

1.98 ± 0.015

2.4

Pd-O

2.5 ± 1

2.76 ± 0.024

4.5

Pd-O

3.1 ± 0.7

1.99 ± 0.023

2.9

Pd-Pd

3.4 ± 2

2.77 ± 0.034

7.8

Pd-O

2.8 ± 0.7

1.98 ± 0.022

2.4

Pd-Pd

3.4 ± 1

2.77 ± 0.029

5.8

Pd-O

2.6 ± 0.7

1.97 ± 0.021

2.4

Pd-Pd

3.8 ± 1

2.74 ± 0.029

6.8

4.4 Conclusions
We used flame-spray pyrolysis to prepare a high surface area ceria support with a very
small average particle size of 5 nm. Pd/CeO2 catalysts were prepared by wetness
impregnation of Pd on this support or by including Pd in the flame-spray pyrolysis
synthesis of ceria. These samples displayed a much higher low-temperature CO
oxidation activity than Pd/Rod. In situ characterization evidences the high Pd
dispersion in the initially calcined catalysts. In situ EXAFS shows that the Pd phase
slightly sinters into very small PdxOy particles in close interaction with the ceria support
(Pd-O-Ce) during CO oxidation. Reduction in H2 converts part of this phase into highly
dispersed metallic Pd and this can be reverted to highly dispersed Pd-O-Ce upon
calcination. On the contrary, Pd in Pd/Rod shows a higher and more stable dispersion
during low-temperature CO oxidation, which hints at trapping of Pd into defects of the
ceria surface. The lower activity may be due to a strong adsorption of CO on the more
isolated nature of Pd. At higher temperature, this sample shows pronounced sintering
into larger PdO and Pd metal phases, which can only be partially reverted to Pd-O-Ce
upon calcination. A main difference between Pd/Rod and Pd/FSP-one is the high Pd
dispersion and close interaction maintained by Pd/FSP-one. A possible reason is the
relatively low number of Pd atoms per ceria particles in comparison to Pd/Rod. The
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results of this study emphasize the highly dynamic nature of the active Pd phase in
Pd/CeO2 and the strong dependence of CO oxidation activity of highly dispersed Pd xOy
in close interaction with ceria.
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Pd/Fe-CeO2 applied to three-way catalyst model reactions

Chapter 5:
Three-way catalysis model reactions by Pd/FeCeO2 catalysts prepared by flame-spray pyrolysis

Abstract

We report the facile synthesis of Fe-doped CeO2 with 5 levels of Fe doping in the range
of 1-20 mol%, with exceptionally high surface area values, ranging from 155 to 177
m2/g, and support particle size ranging from below 5 nm to 6 nm. The formation of a
homogenous Fe-CeO2 solid solution was confirmed by a combination of XRD, H2-TPR
and UV-Vis spectroscopy for supports with until up and including 10% atomic Fe/Ce
ratio. The samples perform well in soot oxidation, being able to lower the T50 of soot
oxidation by 100 °C, and by comparison with a Fe-impregnated sample, we proved that
the reaction is favored by Fe-facilitated oxygen vacancies present in the FSP-prepared
samples. The supports were impregnated with 1 wt% Pd before performing three-way
catalysis model reactions. There is an increase in conversion and N 2 selectivity when
the Fe content in the solid solution increases. This confirms the importance of
homogenously doped iron in destabilizing lattice oxygen.
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5.1 Introduction
Vehicle pollution control is a key environmental technology and important research
topic in academia and industry because of its severe impact on human health and the
environment. Both gasoline and diesel engines release undesired compounds such as
unburnt hydrocarbons, nitrogen oxides (NOx) and CO. Diesel engines are operated
under lean-burn conditions and, therefore, discharge larger amounts of NOx and soot
[1]. Since decades ago, three-way catalytic convertor technology has been used to
control emissions from gasoline engines [2,3]. A typical three-way catalyst (TWC) is
comprised of a cordierite monolith with a honeycomb structure, coated with a high
surface area oxide with strong oxygen storage properties, one or more platinum group
metals and promoters [4]. The TWC is formulated in order to be able to oxidize unburnt
hydrocarbons and CO and reduce NOx at the same time, and to be able to adapt to mild
lean-rich compositional swings [5]. The TWC generally displays poor performance at
cold temperatures, when the engine has just been started, which increases fuel
consumption and exhaust emissions [6,7]. To further complicate the matter, NO is
relatively easy to be fully converted at low temperatures, but the main product of its
dissociation is N2O, which is a harmful compound with a high global warming potential
[8,9]. At higher temperatures, NO can be readily converted to harmless N2. The
formation of N2 is usually considered to involve N2O as an intermediate [10,11].
Due to the nature of the fuel combustion process in diesel engines, one of the main
undesired combustion products is soot [12]. The accumulation of soot causes not only
pressure build-up and an increase in fuel consumption, but also the risk of soot being
released into the environment with correlated pollution and health problems [13]. Soot
is generally removed from the exhaust gas with the use of diesel particulate filters
(DPF). In order to regenerate the filter, diesel fuel can be injected into the exhaust,
promoting exothermic high-temperature oxidation reaction to remove the soot,
although it also leads to damage of the DPF in the long run. Therefore, it is useful to
introduce soot combustion catalysts in the DPF, lowering the temperature of soot
oxidation [14,15].
Cerium dioxide (CeO2) is commonly used as the main component of automotive
catalysts due to its high oxygen storage capacity (OSC), which can assist oxidation
reactions during lean-rich compositional swings [15]. CeO2 is typically used in solid
solutions with zirconia to increase the thermal stability of the support and improve the
reversible storage and release of oxygen in the matrix [16]. Doping CeO2 with transition
metals has been shown to increase the number oxygen vacancies [17–19]. In general,
solid solutions are most effective to reach this purpose as the transition metal replaces
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Ce cations in the lattice. The formation of solid solutions may be prevented by
compositional limits and synthesis conditions [20]. Several studies have tried to
correlate the ionic radius, oxidation state, electronegativity and other properties of the
dopant with the textural and catalytic properties of the resulting modified support [21].
Mukherjee et al. reported a direct relation between the ability of a dopant to form Ce3+
species in the surface and the catalytic activity in CO and soot oxidation reactions [22].
It has been shown that the oxygen vacancy formation energy tends to decrease as the
size of the tetravalent dopant element increases [23].
Ceria-based high-OSC powders are commonly synthesized by sol-gel or co-precipitation
methods. Another innovative way to obtain CeO2 is flame spray pyrolysis (FSP). FSP is
an aerosol technique, in which a cerium-containing organic precursor solubilized in an
organic solvent is sprayed into a flame through a needle. The extremely small droplet
size, coupled with a high gas flow, ensures that the resulting cerium oxide will have a
very small particle size [24,25]. Transition metal-doped supports can be easily
synthesized with FSP, by simply including a transition metal-containing organic
compound in the precursor solution [26]. The high DeNOx activity of flame-synthesized
Cu-doped CeO2 samples has previously been reported [27]. Excellent N2 selectivity and
high NO conversion at low temperature was explained by a very high Cu dispersion and
the availability of reactive oxygen atoms. Oxygen vacancies are known to assist in NOx
decomposition [9].
Another beneficial property of CeO2 is its ability to stabilize extremely small clusters of
noble metals or even single metal atoms due to strong metal-support interactions [28–
30]. The strong interaction between highly dispersed metals and reducible supports are
known to facilitate oxygen-mediated reactions [31–33]. Relatively simple preparation
methods can yield stable single atom catalysts and prevent deactivation due to sintering
[34,35]. In recent years, palladium has been frequently investigated as a relatively costeffective replacement of typical platinum and rhodium catalysts in TWC applications
[11,36,37]. The combination of the high OSC of CeO2 with the ability of Pd to adsorb CO
results in a fast oxygen transfer from the support to the Pd-adsorbed CO [38,39]. Many
authors have reported high energy barriers for NO dissociation on Pd(111) and
Pd(100) surfaces, identifying it as the rate-determining step in NO reduction [40].
Nevertheless, a hydrogen-assisted pathway leads to a much lower barrier for NO
dissociation on Pd-based catalysts [41,42]. Recent computational work underlines the
lowered barriers for NO dissociation and the higher selectivity towards N 2 determined
by high barriers for the formation of N2O in Ti-doped Pd(111) surfaces, compared to
pure Pd(111) [43]. Moreover, the activity of Pd nanoclusters in NOx coordination and
bond weakening has previously been discussed [44,45].
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Ceria-based catalysts have also been considered for soot oxidation with promising
results. Mädler et al. evaluated different FSP-prepared CeO2 samples and determined
that a higher CeO2 surface area lowered the soot oxidation temperature [14]. Moreover,
the inclusion of dopants in the CeO2 lattice could further lower the soot oxidation
temperature, as for instance demonstrated for an iron-doped CeO2 catalyst [22]. Liang
et al. described a mechanism for soot oxidation on Cu-doped CeO2 involving Cu+ ions
and oxygen vacancies as relevant active sites. Thermal aging led to Cu segregation,
which severely decreased the contact between CeO2 and Cu, thus diminishing the
catalytic activity [46].
In the present study, we investigate the catalytic performance of Pd/CeO2 catalysts and
the influence of doping of ceria by iron. The choice for iron is based on its low price and
the ease of forming solid solutions with ceria up to high loadings [47,48]. Iron
promotion of ceria has already been shown to promote the water-gas shift reaction and
CO (preferential) oxidation by noble-metal based catalysts [49,50]. It is also known that
the substitution of tetravalent Ce with a trivalent cation such as Fe promotes oxygen
vacancy formation to maintain charge neutrality [51]. For instance, this has been shown
to enhance the performance of Fe-doped CeO2 in selective catalytic reduction of NO with
NH3 [1,52]. We prepared iron-doped CeO2 samples by FSP and characterized in detail
their textural and physicochemical properties with an emphasis on the location of iron.
After loading these supports with 1 wt% Pd, their performance in soot oxidation, CO
oxidation and NO reduction was evaluated. The effect of the addition of hydrogen to the
reaction feed was studied, because it is usually present in small amounts in the engine
exhaust stream and it can also be obtained by the water-gas shift reaction. All FSPderived supports contained very small nanometer-sized particles with a high surface
area. XRD and H2-TPR characterization proved that the iron is in a highly dispersed
condition and in close contact with CeO2. The H2-TPR data show that the reducibility of
surface oxygen in iron-doped ceria is enhanced. The catalytic activity data show an
enhancement of the performance of the iron-doped ceria catalysts for soot oxidation
and NO reduction to N2.

5.2 Experimental
5.2.1

Materials and synthesis

Ce(acac)3·H2O (acac = acetylacetonate, 99.9 % purity), Fe(acac)3 (99.9% purity), glacial
acetic acid (99.7 % purity), Pd(NO3)2·2H2O (40% Pd basis), Fe(NO3)3·9H2O (99.95
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purity) were purchased from Sigma Aldrich. Sipernat® 50 high-surface-area silica was
purchased from Evonik. Printex U carbon was purchased from Orion Carbon (BETcalculated surface area = 92 m2/g, average particle size = 25 nm). The chemicals were
used without any further purification. Flame-spray pyrolysis synthesis was performed
in a Tethis NPS10 apparatus, which was described in Chapter 4. Cerium acetylacetonate
and iron acetylacetonate were chosen as precursors, while glacial acetic acid acted as
the solvent. The iron content was varied. For this purpose, the total Ce(acac)3
concentration was kept constant at 0.10 M, and appropriate amounts of Fe(acac)3 were
added in order to achieve Fe/Ce atomic ratios of 1%, 2%, 5%, 10%, 20% compared to
cerium. The solvent was added to the precursors and the mixture was stirred on a
heating plate at a temperature of 80 °C to enhance solubilization. Once a homogeneous
solution was obtained, it was drawn into the Tethis NPS10 syringe, and injected into
the flame at a rate of 5 mL/min. The flame was fed with a 1.5 L/min methane flow and
a 3.0 L/min oxygen flow, with an additional 5.0 L/min dispersion oxygen flow around
it, maintaining an overpressure of 2.5 bar. The particles were collected on a glass fiber
filter placed on top of the machine. For the sake of clarity, the supports will be denoted
as FSP-x-Fe, with x representing the Fe/Ce ratio in the sample. A pure CeO2 sample was
also prepared and denoted as FSP-CeO2.
A rod-shaped CeO2 was employed as a reference support. Hydrothermal synthesis of
ceria nanorods was performed following a procedure described in the literature
[29,53]. Briefly, an aqueous solution of 5 mL of Ce(NO3)3·6H2O (5 mM) was prepared
using demineralized water and poured into 35 mL of a 17 M NaOH solution. The slurry
was stirred for 1 h, before being poured in a 125 mL Teflon liner. Hydrothermal
treatment was performed in a stainless-steel autoclave, which was sealed and
positioned in an oven at 100 °C for 24 h. After quenching, the slurry was centrifuged to
separate the solid from the liquid, and the precipitate was washed with water and with
ethanol. The resulting solid was dried at 80°C for 2 h in a vacuum oven and then calcined
at 500°C for 4 h in a 20/80 (v/v) O2/He flow.
A portion of each support was impregnated with a solution of Pd(NO3)2·2H2O in
demineralized water to achieve a 1% weight Pd loading on each sample. The dispersion
was stirred for 30 min and then slowly heated on a plate to promote water evaporation.
The resulting solid was dried at 100 °C and successively calcined at 300 °C with a
dwelling time of 3 h in a 20/80 v/v O2/He flow. A similar approach was used to
impregnate 5 wt% Pd on the silica support as a reference sample. The Pd-impregnated
samples will be named Pd/FSP-x-Fe. Pure CeO2 impregnated with Pd will be denoted as
Pd/FSP-CeO2. A control sample was prepared by impregnating a Fe(NO3)3·9H2O
solution in demineralized water in order to achieve a 10% molar Fe loading on the FSP87
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CeO2 support. The ensuing steps were analogous to those used for the Pd-impregnated
samples. This sample is denoted as 10%Fe/FSP-CeO2. The benchmark catalyst is
denoted as Pd/Rods. The silica-based sample is labelled Pd/SiO2.

5.2.2

Characterization

An ICP-OES Instrument (Spectroblue, AMETEK Inc.) was employed to determine the
iron loading on all the supports. Approximately 50 mg of the support were dissolved in
5 mL of concentrated H2SO4. The mixture was heated at 250 °C on a heating plate while
stirring for 30 min. After cooling down to room temperature, 15 mL of demineralized
water were added. Once transparent, the mixtures were transferred to Teflon
glassware and 1 mL of 4% v/v HF in demineralized water was added in order to
solubilize potential glass fiber filter residues and minimize the chances of pipeline
obstruction. The 10%Fe/FSP-CeO2 support could not be solubilized by this procedure,
and a melting process was used instead. An appropriate amount of supports was placed
in a Pt crucible with 2 g of K2O7S2 and heated up on a Bunsen burner until the melt was
clear. The melt was dissolved in 10 mL concentrated H2SO4, before adding 1 mL 4% HF
to dissolve potential glass fibers present from the support. The solutions were
appropriately diluted for the measurement with demineralized water. ICP-OES analysis
was conducted in duplo, in order to determine the reproducibility of the results, and
with the aid of a calibration line comprising standards with iron elemental
concentration between 0 and 6 mg/mL. The wavelengths used for Fe concentration
determination were 238.204 nm and 259.941 nm.
X-Ray Diffraction patterns were recorded on a Bruker D2 Phaser powder diffraction
system using Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02° in
the 2θ range = 10-90° [54].
N2 physisorption was performed on a Micromeritics Tristar II 3020 instrument at 77 K.
Approximately 200 mg of each sample were transferred in a glass tube. A pretreatment
was performed at 120 °C under a N2 flow overnight in order to desorb water, CO2 and
impurities. The BET (Brunauer-Emmet-Teller) method was employed to calculate the
surface area, and Equation 1 was used to calculate particle size for the supports.
𝑑𝐵𝐸𝑇 =

6

(5.1)

𝐴𝑆 ∗𝜌𝑃

Here, d is the particle diameter, AS is the surface area calculated with the BET model,
and ρP is the density of the material (7.2 g/cm3 for pure CeO2, used for the doped
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samples as well due to the relatively low loading). This formula assumes all particles to
have a spherical morphology.
Transmission electron microscopy (TEM) micrographs were collected on a FEI Tecnai
20 transmission electron microscope with an electron acceleration voltage of 200 kV
and a LaB6 filament. A few milligrams of a sample were dispersed in absolute ethanol
and sonicated. A few drops of the dispersion were deposited on a carbon-coated Cu grid
and the ethanol was allowed to evaporate. At least 100 particles per sample were
analyzed with the ImageJ software in order to determine the average particle size and
particle size distribution [55].
Diffuse-Reflectance UV-Visible (DRUVis) spectroscopy was performed on a Shimadzu
UV-2401PC UV-Vis spectrometer equipped with an integrating sphere accessory. BaSO 4
(first grade, Wako Chemicals) was used as a reference. The spectra were recorded in
the 200-800 nm range with 0.1 nm steps in reflectance mode. The diffuse reflectance
UV-Vis spectra were converted into the Kubelka-Munk function according to Equation
5.2:
𝐹(𝑅) =

(1−𝑅)2

(5.2)

2𝑅

where R is the sample reflectance. A spectrum of Fe2O3 (Sigma Aldrich, purity ≥ 99%)
was compared to the spectra of the samples.
Hydrogen-temperature programmed reduction (H2-TPR) was performed on a
Micromeritics AutoChem II 2920 equipped with a U-shaped quartz reactor, a computercontrolled oven and a thermal conductivity detector (TCD). An amount of
approximately 75 mg of the support was placed between two quartz wool plugs and
enclosed in the reactor. The supports were pretreated in situ in order to remove
impurities by calcining them in a 50 mL/min 5% O 2/He flow at 400 °C, followed by
cooling to room temperature in He. The reduction was performed by exposing the
sample to a 50 mL/min 4%H2/He flow and ramping the temperature to 1000 °C at a
rate of 5 °C/min. The TCD signal was normalized by the weight of the sample.

5.2.3

Catalytic activity measurements

The catalytic oxidation of soot was performed in a Mettler Toledo TGA/DSC 1. Printex
U Carbon was used as a model soot, as previously done by Mukherjee et al. [22]. A small
quantity of support and soot were weighed and mixed with a weight ratio between the
support and the soot of 1:2. They were thoroughly mixed and ground together in a
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mortar (tight-contact mode). The physical mixture was then transferred to an alumina
sample holder and inserted in the TGA, where it was heated to 900 °C at a rate of 10
°C/min in a 60 mL/min air flow. The T50 was evaluated on the weight loss curves, as the
temperature at which 50% of the weight has been lost.
Catalytic activity measurements were performed using the following reaction mixtures:
(1) CO + O2, (2) CO + NO, (3) CO + NO + H2 and (4) CO + N2O. The reactions were
performed in a high-throughput setup equipped with 10 parallel flow reactors. 50 mg
of each sample were pressed and sieved to a fraction between 125 and 250 µm, and
mixed with 200 mg of SiC of the same sieve fraction as inert diluent material. The
samples were transferred into the quartz reactors and contained between two quartz
wool plugs. As a reference, one reactor was only packed with SiC. The catalysts were
calcined in situ before reaction in a 20% O2 / 80% He flow. The flow amounted to 50
mL/min STP (standard temperature and pressure) per reactor and the temperature
was ramped at a rate of 5 °C/min to 300 °C with a dwelling time of 3 h. The samples
were then cooled to room temperature in the same flow. The different feed mixtures
had the following volumetric compositions: (1) 1% CO, 1% O2 balanced with He, (2) 1%
CO, 1% NO balanced with He, (3) 1% CO, 1% NO, 0.5% H2 balanced with He, (4) 1% CO,
1% N2O balanced with He. Once the reaction flow had stabilized, the temperature was
ramped with steps of 25 °C at a rate of 5 °C/min. The reaction was allowed to stabilize
for 20 min at each temperature. Then, the reaction effluents were analyzed with an
online Interscience Compact gas chromatograph equipped with Plot and Molsieve
columns and TCD detectors.

5.3 Results and discussion
Fe-doped CeO2 supports were prepared by FSP using a solution of cerium and iron
acetylacetonates dissolved in glacial acetic acid. Table 5.1 lists the targeted and actual
iron weight loadings of the FSP-x-Fe materials as determined by ICP elemental analysis.
Clearly, the FSP method is effective for the preparation of mixed oxides with only slight
deviations between the intended and obtained composition, which is usually argued to
stem from the high homogeneity of the starting solution dispersed in the flame [24].
The 10%Fe/FSP-CeO2 reference support also contained the desired amount of iron.
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Table 5.1: Iron weight loading as determined by ICP-OES analysis of the iron-containing ceria
supports.
Sample

Theoretical weight
loading (%)

Actual weight
loading (%)

FSP-1-Fe

0.33

0.318 ± 0.022

FSP-2-Fe

0.66

0.613 ± 0.047

FSP-5-Fe

1.69

1.88 ± 0.15

FSP-10-Fe

3.53

3.32 ± 0.12

FSP-20-Fe

7.75

7.96 ± 0.30

10%Fe/FSP-CeO2

3.53

3.33 ± 0.01

The influence of iron content on the textural properties of the FSP-made supports was
investigated by N2 physisorption. Particle size was calculated based on the measured
surface area and on the tabulated density of cerium dioxide. All the FSP-prepared
supports had BET surface areas larger than 150 m2/g, which is much larger than values
commonly reported for CeO2 [53]. When iron is added to the FSP synthesis, the surface
areas are slightly higher. There is no clear correlation between the iron content and the
surface area value (Table 5.2). TEM micrographs of selected samples confirm that the
primary CeO2 particles are very small, typical around 5-6 nm. No large CeO2 particles
were observed by TEM. The FSP-CeO2 particles have a polyhedral morphology, while
the iron-containing samples contain more round particles (Figure 5.1). The small
changes in the surface area with iron loading correlate with the variations in the
average particle size determined by TEM. No clear evidence for a separate Fe2O3 phase
can be derived from the inspection of the TEM images, suggesting that iron oxide is
either dispersed in CeO2 or highly dispersed on the surface of CeO2 [24].
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Table 5.2: Surface area and particle size calculated with the BET method
Sample

BET surface

Particle size

area (m2/g)

BET (nm)

FSP-CeO2

155

5.3

FSP-1-Fe

171

4.9

FSP-2-Fe

177

4.7

FSP-5-Fe

169

4.9

FSP-10-Fe

166

5.0

FSP-20-Fe

155

5.5

Figure 5.1: TEM pictures of FSP-CeO2, FSP-5-Fe, FSP-10-Fe and FSP-20-Fe, average particle size
and particle size distribution histograms.

XRD shows that all CeO2 supports have the typical fluorite structure (Fm-3m space
group, ICCD card 43-1002) with the characteristic peak broadening associated with the
presence of extremely small nanoparticles (Figure 5.2, left). The sharpness of the
diffraction peaks might point to a small fraction of larger particles, which were however
not seen in the TEM images [25]. There are no reflections due to crystalline iron oxide
phases. Inspection of the most intense CeO2 reflection reveals a shift as a function of
iron content, as shown by the dashed line drawn in Figure 5.2. While the peak position
of pure CeO2 (black line in Figure 5.2, right) is located at 28.46 degrees, introduction of
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1% iron results in a shift to 28.62 degrees. The same peak is located at 28.64 degrees
for the FSP-2-Fe, FSP-5-Fe, and FSP-10_Fe supports. For the FSP-20-Fe sample, the main
CeO2 reflection is seen at 28.85 degrees. The shift of the reflection to higher diffraction
angle implies a contraction of the CeO2 lattice, which can be explained by the inclusion
of the smaller Fe3+ ion and the formation of a solid solution [56–58]. Vegard’s law states
that the closer the cation radius is to the Ce4+ radius, the higher the dopant solubility in
the lattice [20]. Additionally, some studies correlate a high synthesis temperature of
solid solutions with an increased dopant solubility [59]. The lattice strain induced by
the inclusion of a smaller ion in the CeO2 lattice has been shown to induce the formation
of oxygen vacancies [22,60]. The homogeneity of the starting solution and the
extremely short synthesis times associated with FSP likely facilitate the homogeneous
nature of the resulting oxides. Several earlier works also contended that hematite
phases were absent in XRD patterns of mixed iron and cerium oxides up to iron loadings
of 40% [48,50,61]. Nevertheless, we cannot exclude that a portion of the iron escapes
XRD detection, because it is in the form of very small oxide clusters or amorphous
oxides.

Figure 5.2: XRD patterns (left) and magnification of the region between 26 and 32 degrees (right)
for all the supports.

The iron oxide speciation was further studied by DRUV-Vis spectroscopy. Figure 5.3
shows the UV-Vis spectra of the iron-doped samples as well as a hematite (Fe2O3)
reference. FSP-CeO2 shows a strong absorption between 200 and 400 nm. The
absorption peak at 265 nm can be assigned to charge transfer between O 2p and Ce 4f
states [62,63]. the Fe2O3 reference shows a band at 355 nm, commonly assigned to
oligomeric clusters of α-Fe2O3, and a band at 535 nm, indicative of d-d electronic
transitions in larger Fe2O3 particles [51,64]. The iron-doped samples display a minor
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absorption in the visible region with increasing iron content, which suggests that a very
small amount of highly dispersed iron oxide clusters is present. The absorption edge
shifts to longer wavelengths with increasing loading. Only FSP-20-Fe shows a strong
absorption in the visible region. Reddy et al. prepared iron-doped CeO2 by coprecipitation and showed that a sample containing 20% iron displayed a distinct band
at 533 nm, pointing to bulky iron oxide agglomerates [65]. FSP-20-Fe does not contain
this band but the intensity at wavelengths above 400 nm suggests the presence of a
significant amount of iron oxide clusters on the surface of the CeO2.

Figure 5.3: DRUV-Vis spectra of the FSP-made supports and a Fe2O3 reference.

Deeper insight in the interaction between Fe and CeO2 was obtained by H2-TPR. Figure
5.4 shows the TPR traces. For pure CeO2 (black trace in Figure 5.4), two main peaks
are observed, one located between 300 °C and 550 °C, representing the reduction of
surface oxygen of CeO2, the other one at temperatures higher than 650 °C related to the
reduction of bulk oxygen [66]. The introduction of iron strongly affects the TPR traces.
For FSP-1-Fe, there was a significant shift of the surface oxygen reduction peak to lower
temperature. Oxygen removal already starts at 200 °C and is finished around 400 °C. On
contrary, the presence of iron has only little influence on the bulk reduction feature.
Thus, the introduction of Fe3+ in the CeO2 lattice results in more facile removal of oxygen
from the ceria surface, which is in keeping with previous work [67]. The amount of
surface oxygen that can be removed at low temperature increased with the iron content
up to about 10%. For FSP-10-Fe and FSP-20-Fe, another reduction feature between 600
°C and 700 °C is observed. This feature might be present also as a weak shoulder in the
TPR trace of the FSP-5-Fe sample. This peak can be assigned to the reduction of Fe2+
species to metallic Fe [56,68]. We infer from this that there is a small amount of free
small iron oxide clusters present in FSP-5-Fe, FSP-10-Fe and FSP-20-Fe [48].
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Figure 5.4: H2-TPR traces for the FSP CeO2 samples.

Next, we explore the effect of iron doping on soot oxidation. It is known that an
interaction between a dopant like iron and the ceria support affects oxygen activation
[46]. Density functional theory calculations suggested that especially molecularly
adsorbed oxygen on oxygen vacancies can be effective for oxidation of organic
molecules [1]. Printex U carbon was used to represent soot and a TGA apparatus was
employed to evaluate temperature-dependent soot oxidation [22,69]. We prepared the
catalyst-soot mixture in “tight-contact mode”, which means that the mixture was
ground in a mortar before being transferred in the TGA sample holder. This
methodology has been proved to be more efficient compared to a “loose-contact mode”
in which the catalyst and the soot are only briefly mixed with a spatula [46,70]. The TGA
traces are collected in Figure 5.5. From these, the temperature at which 50% of the
mixture weight is lost (T50) was determined (Table 5.3 and Figure 5.5). The oxidation
of pure soot is represented by the dashed curve in Figure 5.5. The residual amount (11
wt%) is likely due to inorganic ashes. The T50 of pure soot is 581 °C. The addition of a
catalyst lowers the sot oxidation temperature. FSP-CeO2 is able to lower the T50 to a
value of 558 °C. Doping with iron results in a lowered T50. The T50 of FSP-20-Fe is 480
°C. The T50 values almost linearly decrease with the increase of the iron amount. A
control sample prepared by impregnating FSP-CeO2 with 10% molar iron (10%Fe/FSPCeO2) showed a T50 of 558 °C, similar to the value obtained for FSP-CeO2. This result
demonstrates that iron oxide particles on CeO2 are not effective for soot oxidation. The
benefit of doping of CeO2 for soot oxidation was already suggested in the literature. The
performance of the FSP-10-Fe sample with the same iron loading is significantly better
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(T50 = 506 °C). These results are consistent with earlier findings showing the need to
dope CeO2 with a suitable metal to increase the number of oxygen vacancies [22].
Oxygen vacancies have previously been proposed as the primary active sites for soot
oxidation [1,71].

Figure 5.5: TGA traces of soot oxidation for the pure U Printex soot (dashed curve) and
soot/catalyst mixtures in tight-contact mode: FSP-CeO2 and FSP-x-Fe samples (left) and FSPCeO2, FSP-10-Fe and 10%Fe/FSP-CeO2 (right).
Table 5.3: T50 values for soot oxidation for pure soot and for all the samples.
Sample

T50 (°C)

Soot

581

FSP-CeO2

558

FSP-1-Fe

560

FSP-2-Fe

552

FSP-5-Fe

516

FSP-10-Fe

506

FSP-20-Fe

480

10%Fe/FSP-CeO2

558

We then prepared 1 wt% Pd catalysts using these supports and evaluated their
performance in several model reactions relevant to TWC. Pd was introduced via wet
impregnation at a loading of 1 wt%. In TEM images, we could not discern Pd
nanoparticles, in line with earlier studies [29,34]. This is indicative of the very high
dispersion of Pd on CeO2, which is likely to decrease in reducing reaction conditions.
Highly-dispersed palladium in tight contact with ceria is very active in CO + NO model
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reactions even at low loadings [72]. The topic of Pd dynamic nuclearity under reaction
conditions will be thoroughly discussed in Chapter 6. A control sample containing 5
wt% Pd impregnated on silica was also employed to ascertain the role of CeO 2 as a
support.
Figure 5.6 shows the CO conversion as a function of the temperature for CO oxidation.
The reference Pd/SiO2 sample is only active in CO oxidation above 175 °C, while all the
CeO2-based Pd samples display catalytic activity at much lower temperatures. The bare
FSP-10-Fe support itself exhibits weak CO oxidation activity (violet trace in Figure 5.6).
We compare the Pd/FSP samples with a Pd/rod sample [29,33]. All FSP-prepared
samples show a much higher low-temperature activity than the Pd/rod reference. The
difference between Pd/rod and Pd/FSP-CeO2 has already been discussed in Chapter 4
and relates to the strong metal-support interaction in the Pd/FSP-CeO2 sample. While
the effect of iron doping is small for Pd/FSP-1-Fe and Pd/FSP-2-Fe, samples with a
higher iron loading show a significantly higher CO oxidation activity. Notably, full CO
conversion is reached around 125 °C for these optimum samples. The origin of the
synergy is less evident. On the one hand, more facile removal of surface oxygen species
attached to iron at a dopant site may facilitate CO oxidation from a LangmuirHinshelwood mechanism for Pd/CeO2 to a Mars-Van Krevelen one [43]. On the other
hand, the finding that promotion occurs at relatively high iron content may also hint at
the relevance of the Pd-FexOy interface. Recent work has demonstrated that isolated Pt
atoms dispersed on iron oxides can be very active CO oxidation catalysts [31].

Figure 5.6: results in the CO + O2 reaction expressed in conversion; the catalysts were calcined
at 300 °C prior to the reaction.

In Figure 5.7 we report the catalytic results for the stoichiometric CO + NO model
reaction. The Pd/SiO2 catalyst shows very poor low-temperature performance despite
its high Pd loading. All the CeO2-based samples outperform it, clearly showing the
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synergy between highly-dispersed palladium and CeO2. Ding et al. discussed how the
synergy between atomically-dispersed palladium and a ceria oxygen vacancy is able to
increase both NO conversion and selectivity towards N 2 [73]. All of the Pd/CeO2-based
catalysts achieve complete NO conversion at 125 °C with N2O as the main reaction
product at low temperature. As a result, the CO conversion is limited. At higher
temperature, N2O decomposes to N2 and Oads, the latter being removed by CO to form
CO2. This explains why the CO conversion increases simultaneously with the N 2
selectivity, as previously discussed by Djega-Mariadassou et al. [74]. There is a small
but noticeable effect of iron doping on the N 2 selectivity. Namely, increasing iron
content leads to a higher N2 selectivity. It is interesting to note that Pd/rod and Pd/FSPCeO2 samples show a slight decrease in the CO conversion at 200 °C, which is mirrored
by a decrease in NO conversion at the same temperature. The introduction of iron
lowers the extent of the CO conversion decrease. As previously discussed, the main
product of NO dissociation is N2O at low temperatures, due to the recombination of N ads
with NO [27]. Two effects can favor the formation of the desired N2 product. On one
hand, at higher temperatures, the conversion of CO to CO2 will be facilitated, and oxygen
will be more easily removed from the surface, thus favoring the recombination of two
Nads moieties. On the other hand, recent studies have pointed out that oxygen vacancies
in the CeO2 surface are able to catalyze the decomposition of adsorbed N2O to N2 by
healing the vacancy [9,75].
At low temperatures, the decomposition of N2O proceeds slowly on Pd, with the oxygen
being abstracted by CO to form CO2 [76]. Previous studies have discussed the thermal
activation of oxygen vacancies, evidencing that oxygen transport and availability
increase with temperature [77]. Therefore, at higher temperatures, oxygen removal
from the ceria lattice becomes a critical process, assisting in N2O decomposition. In this
perspective, the decreased reactivity at 200 °C in Figure 5.7 might be ascribed to the
shifting between the low temperature and the high temperature regime, where oxygen
vacancies become more easily available. The fact that this decrease in activity is mainly
present in iron-deficient samples might suggest that the presence of iron ensures high
oxygen vacancy availability even at low temperatures, while the iron-deficient samples
might require a higher temperature to activate the vacancies.
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Figure 5.7: results in the CO + NO reaction expressed in CO conversion (left) and NO conversion
and N2 selectivity (right). The catalysts were calcined at 300 °C prior to the reaction.

We also investigated the role of H2 addition to the CO+NO model reaction (Figure 5.8).
The data show that NO reduction is faster, likely due to the more reducing conditions,
for instance leading to a higher reduction degree of Pd and faster removal of ceria lattice
O atoms. Pd/SiO2 and Pd/FSP-CeO2 display the much lower performance than the other
Fe-containing Pd/Fe-CeO2 samples investigated here. As the Fe content gradually
increases, N2 selectivity increases in parallel. The strong correlation suggests a direct
involvement of Fe species in the DeNOx mechanism. As previously mentioned, the
ability of iron to increase the availability of lattice oxygen when in a homogenous solid
solution with ceria has been identified [48,51]. The best performance is accomplished
by the Pd/FSP-20-Fe sample, which achieves 100% selectivity at temperatures as low
as 200 °C. The faster surface reduction assists in converting NO at lower temperatures,
which might also explain why the decrease in reactivity displayed at approximately 200
°C in Figure 5.6 is not present here.

Figure 5.8: results in the CO + NO + H2 reaction expressed in CO conversion (left) and NO
conversion and N2 selectivity (right). The catalysts were calcined at 300 °C prior to the reaction.
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In the CO + N2O reaction, a similar trend is visualized, with the samples richer in Fe
reaching full conversion at the lowest temperatures (Figure 5.9). The presence of very
clear performance trends with the increasing iron content suggests that the active
phase is not only composed by Pd species and that the oxygen vacancies generated by
the increasing quantities of iron are able to remarkably influence the redox processes
in the DeNOx reactions. Zabilskiy et al. discussed that enhanced N2O decomposition
activity is caused by an optimal oxygen transport properties [78]. Moreover,
Pachatouridou et al. discussed the enhancement of low temperature performance by
depositing noble metals on oxygen vacancy-rich ceria. The presence of extremely well
dispersed noble metal species in close proximity with oxygen vacancies can strongly
favor the decomposition of N2O to N2 and Oads [79]. Perez-Alonso et al. reported the
higher activity at low temperature for an iron-cerium dioxide solid solution, compared
to the pure oxides. They explained it by the more facile formation of oxygen vacancies
in the presence of iron, which is an essential step in the N 2O decomposition process
[52].

Figure 5.9: results in the CO + N2O reaction expressed in conversion. The catalysts were calcined
at 300 °C prior to the reaction.

5.4 Conclusions
To conclude, in this work we investigated Fe-CeO2 interactions in FSP-made supports
characterized by very high surface area and small particle size. Our study proved the
formation of a homogeneous solid solution for iron loadings lower or equal to 10%,
while higher loadings led to the presence of small Fe-rich areas. The supports were able
to lower the T50 in soot oxidation by a maximum of 100 °C, thanks to the high surface
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area promoting catalyst-soot contact and the beneficial synergy between Fe and ceria,
which was proved by comparison with a catalyst with a lower interaction between Fe
and ceria. The Pd-impregnated supports displayed excellent performance in CO
oxidation and NOx reduction, enhancing both the low temperature conversion of the
environmental pollutants and the low temperature selectivity in N 2. The presence of
highly dispersed Pd and oxygen vacancies heightened the catalytic properties of these
samples. As previously discussed in literature, highly-dispersed iron species in the
cerium dioxide lattice are able to destabilize the oxygen, facilitating the formation of
oxygen vacancies, which are responsible for the exceptional activity of these catalytic
systems.
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Chapter 6:
Elucidation of the active phase in transition metaldoped Pd/CeO2 during NOx reduction

Abstract

In the perspective of producing more active and selective catalysts with a lower noble
metal content, thorough studies of the nature of the active phase need to be performed.
We synthesized high surface area Cu-doped CeO2 catalysts via flame-spray pyrolysis,
achieving a support particle size of 5 nm. We were able to confirm the formation of a
homogeneous solid solution until high copper loadings via a combination of XRD and
H2-TPR. A support with a 10% Cu atomic doping level was compared to supports
consisting of pure CeO2, Fe-doped CeO2 and Cu-impregnated CeO2. Environmentally
relevant NOx reduction reactions were studied after all supports were impregnated
with 1% palladium. The low temperature conversion and N2 selectivity resulted being
dependent on the dopant, with copper facilitating the full conversion of NO x to N2 at
temperatures as low as 200 °C. In situ EXAFS determined that under reaction conditions
palladium loses its initially very high dispersion by reducing and clustering. In addition
to this, in Cu-containing catalysts, a Pd-Cu alloy forms. The well dispersed Pd-O clusters
can be restored by calcination for all samples. We hypothesize that the high N 2
selectivity displayed by Cu-containing catalysts is favored by the formation of a Pd-Cu
active phase which acts as preferred adsorption and decomposition site for NOx species.
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6.1 Introduction

Understanding the structure of the active phase in heterogeneous catalysts and the
mechanisms by which they can convert reactants into products is central to the
formulation of structure-performance relationships which can guide the design of
better catalysts. The combination of in situ characterization techniques along with
computational modeling of reaction intermediates and their interconversion can
provide the necessary molecular-level insight to support this strategy. This approach
has already increased our knowledge about the interaction between the active phase,
often metals, and support materials which are used to keep the active phase in a high
dispersion [1]. These interactions usually modify the performance of the active phase.
The concept of strong metal support interaction (SMSI) was first discussed in 1978 by
Tauster, who described the electronic interactions between noble metals and reducible
supports [2]. The substantial progress made since then is described in several reviews
[3,4]. Cerium dioxide (ceria) is a widely used support material in heterogeneous
catalysis, for which SMSI effects can play an important role. It is worthwhile to mention
two recent examples involving ceria. Cargnello et al. demonstrated that the interface
between transition metal nanoparticles and the ceria support are the active sites in
oxidation reactions [5,6]. Jones et al. emphasized that the strong interactions between
Pt and ceria can prevent the thermal sintering of Pt, leading to catalyst deactivation [7].
Ceria is an important component of three-way catalysts, which are used to clean up the
exhaust gases of gasoline combustion engines [8]. This technology can convert harmful
emissions such as CO, unburnt hydrocarbons (generated by incomplete combustion),
and NOx (generated by thermal recombination of N2 and O2) into less harmful CO2, H2O
and N2. Nitrogen oxides are dangerous to humans and also affect the environment by
forming acid rain, photochemical smog and by contributing to the greenhouse effect
[9,10]. Almost all TWC systems have a honeycomb monolith structure made of
cordierite, coated with an oxide layer capable of reversible storing oxygen and an active
phase formed by one or more noble metals [11]. A current challenge is to develop TWC
systems displaying a higher performance at low temperature, in order to address the
cold-start problem [12,13]. Especially, the release of NO presents a challenge with
respect to upcoming legislation, requiring the development of improved catalysts [14].
CeO2 is well known for its oxygen storage capacity (OSC), which assists the catalytically
active phase in maintaining performance during lean-rich compositional swings in the
exhaust gas. The Ce cation can switch between +4 and +3 oxidation states upon the
release and uptake of oxygen atoms [8]. The catalytic behavior of ceria in oxidation
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reactions often involves these oxygen atoms, giving rise to a Mars-van Krevelen
mechanism [15,16]. Therefore, the catalytic performance can be enhanced by
improving the reducibility of the surface, which can for instance be achieved by doping
CeO2 with transition metals [17,18]. Previous works underlined the benefits of using
manganese, iron and titanium as dopants to improve the performance of ceria in
oxidation reactions [19–21]. The importance of solid solutions of these dopants to
achieve high catalytic activity has been stressed [22]. Ceria materials can be prepared
in a variety of manners [23–25]. Doping can be achieved by most of these methods.
Flame spray pyrolysis (FSP) is a simple method to obtain homogeneously doped CeO2
with a high surface area [26]. It involves the injection of an organic solution of
organometallic salts of cerium and the dopant in a highly oxidizing flame [27].
In the TWC, platinum-group metals (PGMs) are mainly used because they are very
active towards CO oxidation and can also contribute to breaking the NO bond [28]. Most
commonly, Pt and Pd are used in combination with Rh [29–31]. There is a desire to
reduce the cost of these catalysts by reducing the PGM content, while maintaining or
improving the catalytic performance, especially in view of stricter emissions legislation
[32]. Another strategy to limit the amount of PGMs used is to fully or partially substitute
them with Earth abundant 4rd row transition metals.
Copper has been identified as one of the most promising substitutes for PGMs in
heterogeneous catalysis [33,34]. Even though bare CeO2 can coordinate NO and N2O
molecules from the gas phase up to a certain extent, well-dispersed Cu species are
known as strong adsorption sites for NOx at low temperatures [35–37]. Zhang et al. [38]
investigated the CO + NO model reaction on Cu dispersed on ceria-zirconia and found
different reaction mechanisms at low and high temperature. At temperatures lower
than 250 °C, adsorbed NO is converted to the N2O intermediate, which is converted to
N2 in a reaction involving Ce3+. Ce3+ sites are present in the surface of ceria due to its
reducibility, which can be enhanced by doping. In the CO + NO reaction, these Ce 3+
surface states arise from oxidation of CO to CO2. It was observed that the decomposition
of N2O to N2 became faster when the temperature was increased. At temperatures
higher than 250 °C, NO adsorbed on Cu can react directly with gaseous CO to form
adsorbed isocyanate species, which can then further react with adsorbed NO to yield
N2. Moreover, copper has shown excellent performance in N2O decomposition, which
explains its ability to break the N-O bond in this intermediate of the CO + NO reaction
[10,39]. Previous works have shown that larger Cu nanoparticles bind NO less strongly,
explaining the much lower NOx reduction activity [40,41]. A key aspect of the promising
performance of Cu/CeO2 appears to be the availability of Ce4+/Ce3+ and Cu2+/Cu+ redox
couples, with N2O adsorbing on the Cu+ sites, which are regenerated after the reaction
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by Ce3+ sites [36]. The importance of oxygen vacancies has also been underlined with
respect to the synergy between ceria and highly dispersed palladium, which resulted in
increased NO conversion and N2 selectivity [42].
The strategy to combine PGMs with cheaper transition metals has also been explored
[43–45]. Recent theoretical calculations reported that alloying Pd with other transition
metals can significantly lower the reaction barrier for NO dissociation, which is the rate
determining step in NO reduction and increase the selectivity towards N 2 [46].
Numerous EXAFS studies aimed at resolving local atomic structure confirmed the
formation of Pd-Cu alloys in bimetallic catalysts [47,48]. At a practical level, it is
imperative to perform accurate studies concentrating on the interaction between the
metals and the support and between the metals themselves. Xiong et al. were able to
limit Pt aggregation on the support surface under reaction conditions by including Pd
in the catalyst formulation. The formation of a Pt-Pd alloy was able to trap Pt and ensure
activity over a longer time range [49]. Fox et al. employed in situ EXAFS and in situ XPS
to investigate the synergy between copper and palladium dispersed on a nanocrystalline ceria support, and confirmed the superior performance of bimetallic
catalysts over monometallic ones in the water-gas shift (WGS) reaction. The formation
of an alloy enhanced charge transfer between the metals, which positively influenced
catalyst duration and stability [50,51]. Relatively few studies have concentrated on the
in situ formation of active phases made of bimetallic alloys under reaction conditions.
In Chapter 4, we established the promising low-temperature CO oxidation activity of
Pd/CeO2 systems prepared by FSP. This performance could be enhanced by doping the
ceria support with iron (Chapter 5). The solid solution plays a key role in the improved
catalytic performance. In this work, we followed a similar approach and prepared Cudoped CeO2 supports by FSP. These materials exhibited a very high surface area and a
strong interaction between Cu and CeO2 as will be demonstrated by N2 physisorption,
XRD, TEM, and H2-TPR. A number of supports were loaded with Pd with Fe-containing
CeO2 and a dopant-free CeO2 serving as references. Another reference catalyst was
prepared by impregnating Cu on FSP-prepared ceria. The catalytic performance of
these catalysts for CO oxidation and NOx reduction reactions was evaluated in a highthroughput microflow reactor. The Cu-containing catalysts exhibited full N2 selectivity
at temperatures as low as 200 °C and also achieved good N2O conversion at low
temperature. In situ EXAFS was employed to investigate the interaction between Pd, the
transition metals and CeO2 under reaction conditions, leading to the conclusion that
part of the Cu species migrated from the ceria lattice to form a Pd-Cu phase. Our
experiments pointed out that in these samples, the active phase in NOx reduction is a
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reversibly-formed Pd-Cu phase. Highly-dispersed PdO can easily be restored by
calcination at 300 °C.

6.2 Experimental methods

6.2.1

Materials and synthesis

Ce(acac)3·H2O (acac = acetylacetonate, 99.9 % purity), Fe(acac)3 (99.9% purity),
Cu(acac)2 (99.9% purity), glacial acetic acid (99.7 % purity), Pd(NO3)2·2H2O (40% Pd
basis), Cu(NO3)2·3H2O (99-104% purity) were purchased from Sigma Aldrich. All
chemicals were used without any further purification.
The supports were synthesized with the Tethis NPS10 FSP setup described in Chapter
4. The acetylacetonates of cerium, copper and iron were used as precursors. Glacial
acetic acid was used as a solvent to prepare Fe- or Cu-doped CeO2 supports with various
dopant quantities, ranging from 5% to 20% atomic Cu/Ce ratio. For this purpose, the
total Ce(acac)3 concentration was kept constant at 0.10 M, while the transition metal
content was varied. Stable solutions were obtained by dissolving the precursors in
glacial acetic acid under stirring on a heating plate at a temperature of 80 °C. Each
solution was injected in the FSP setup through a syringe at a rate of 5 mL/min. The
flame was fed with a 1.5 L/min methane flow and a 3.0 L/min oxygen flow, with an
additional 5.0 L/min dispersion oxygen flow around it, and keeping an overpressure of
2.5 bar. The particles were collected on a glass fiber filter placed on top of the machine.
Pd was deposited on the FSP-made supports by wet impregnation to achieve a 1%
weight loading. The supports were impregnated with a solution of Pd nitrate in
demineralized water, and the mixtures were stirred and slowly heated on a hot plate to
allow full water evaporation. The resulting solid was dried at 100 °C before calcination
at 300 °C for 4 h in a 20% O2 flow in He. Two control supports were prepared by
impregnating a pure FSP-CeO2 support and a Fe-doped CeO2 support with a Cu nitrate
solution in demineralized water, following the procedure above described for Pd. The
molar loading was 10%.
The supports are named as follows. The pure CeO2 support is denoted as FSP-CeO2, the
Cu-doped supports by FSP-x-Cu, with x representing the atomic Cu/Ce ratio, and the Fedoped supports are named FSP-x-Fe in the same manner. The Pd-containing catalysts
are identified by the support name preceded by the ‘Pd’ label. The Cu-impregnated
supports are named Cu/Pd/FSP-10-Fe and Cu/FSP-CeO2.
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6.2.2

Characterization

An ICP-OES Instrument (Spectroblue, AMETEK Inc.) was employed to determine the
iron and copper loading of the supports. Approximately 50 mg of the doped supports
were dissolved in 5mL of concentrated H2SO4. The mixture was heated at 250 °C on a
heating plate while stirring for 30 min. After cooling to room temperature, 15 mL of
demineralized water were added. Once transparent, the mixtures were transferred to
Teflon glassware and 1 mL of 4% v/v HF in demineralized water was added, in order to
solubilize potential glass fiber filter residues and minimize the chances of pipeline
obstruction. The Cu/FSP-CeO2 and the Cu/FSP-10-Fe supports could not be solubilized
by this procedure, and a melting process was used instead. An appropriate amount of
supports was placed in a Pt crucible with 2 g of K2S2O7 and heated up on a Bunsen
burner until the melt was clear. The melt was dissolved in 10 mL concentrated H2SO4,
before adding 1 mL 4% HF to dissolve potential glass fibers present from the support.
All the solutions were appropriately diluted for the measurement with demineralized
water. ICP-OES analysis was conducted in duplo, in order to verify the reproducibility
of the results, and with the aid of a calibration line comprising standards with
concentrations between 0 and 6 mg/mL of the transition metal. The wavelengths used
for Fe concentration determination were 238.204 nm and 259.941 nm, and the
wavelengths used for Cu concentration determination were 324.754 nm and 327.396
nm.
X-Ray diffraction patterns were recorded on a Bruker D2 Phaser powder diffraction
system using Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02° in
the 2θ range = 10-90° [52].
N2 physisorption was performed on a Micromeritics Tristar II 3020 instrument at 77 K.
Approximately 200 mg of each support were transferred in a glass tube. A pretreatment
was performed at 120 °C under a N2 flow overnight in order to desorb water, CO2 and
impurities. The BET (Brunauer-Emmet-Teller) method was employed to calculate the
surface area, and Equation 6.1 was used to calculate particle size for the supports.
𝑑𝐵𝐸𝑇 =

6

(6.1)

𝐴𝑆 ∗𝜌𝑃

Here, d is the particle diameter, AS is the surface area calculated with the BET model,
and ρP is the density of the material (7.2 g/cm3 for pure CeO2, used for the doped
supports as well due to the relatively low loading). This formula assumes all particles
to have a spherical morphology.
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Transmission electron microscopy (TEM) micrographs were collected on a FEI Tecnai
20 transmission electron microscope with an electron acceleration voltage of 200 kV
and a LaB6 filament. A few milligrams of a support were dispersed in absolute ethanol
and sonicated. A few drops of the dispersion were deposited on a carbon-coated Cu grid
and the ethanol was allowed to evaporate. At least 100 particles per sample were
analyzed with the ImageJ software in order to determine the average particle size and
particle size distribution [53].
Hydrogen-temperature programmed reduction (H2-TPR) was performed on a
Micromeritics AutoChem II 2920 equipped with a U-shaped quartz reactor, a computercontrolled oven and a thermal conductivity detector (TCD). An amount of
approximately 70 mg of the support was placed between two quartz wool plugs and
enclosed in the reactor. The supports were pretreated in situ in order to remove
impurities by calcining them in a 50 mL/min 5% O 2/He flow at 400 °C, followed by
cooling to room temperature in He. The reduction was performed by exposing the
support to a 50 mL/min 4%H2/He flow and ramping the temperature to 1000 °C at a
rate of 5 °C/min. The TCD signal was normalized by the weight of the sample.

6.2.3

Catalytic activity measurements

Catalytic activity measurements were performed using the following reaction mixtures:
(1) CO + O2, (2) CO + NO, (3) CO + NO + H2 and (4) CO + N2O. The reactions were
performed in a high-throughput setup equipped with ten parallel flow reactors. 50 mg
of each sample were pressed, crushed and sieved to a fraction between 125 and 250
µm, and mixed with 200 mg of SiC of the same sieve fraction as inert diluent material.
The samples were transferred into quartz reactors and contained between two quartz
wool plugs. As a reference, one reactor was only packed with SiC. The catalysts were
calcined in situ before reaction in a 20% O2 / 80% He flow. The flow amounted to 50
mL/min STP (standard temperature and pressure) per reactor and the temperature
was ramped at a rate of 5 °C/min to 300 °C with a dwelling time of 3 h. The samples
were then cooled to 50 °C as the lowest temperature in the same flow. The different
feed mixtures had the following volumetric compositions: (1) 1% CO, 1% O2 balanced
with He, (2) 1% CO, 1% NO balanced with He, (3) 1% CO, 1% NO, 0.5% H2 balanced with
He, (4) 1% CO, 1% N2O balanced with He. Once the reaction flow had stabilized, the
temperature was ramped with steps of 25 °C at a rate of 5 °C/min. The reaction was
allowed to stabilize for 20 min at each temperature. The reaction effluents were
analyzed with an online Interscience Compact gas chromatograph equipped with Plot
and Molsieve columns and TCD detectors.
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6.2.4

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) experiments were performed at the DUBBLE
beamline at ESRF in Grenoble, France. The data were collected at the Pd K edge (24.4
keV) and at the Cu K-edge (8.99 keV) at atmospheric pressure. A Pd foil and a Cu foil
were used to calibrate E0 for the Pd and Cu experiments, respectively. Homebuilt
stainless steel in situ spectroscopic cells with Kapton® windows and graphite spacers
were used. Four samples were chosen for X-ray absorption (Pd/FSP-CeO2, Pd/FSP-10Fe, Pd/FSP-10-Cu, and Cu/Pd/FSP-10-Fe). The suitable quantity of sample was
calculated with the XAFSmass software [54]. Approximately 20 mg of sample were
mixed with γ-alumina and ground together in a mortar. The mixture was transferred in
the sample holder and placed in the in situ cell. X-Ray absorption spectra were recorded
in fluorescence and transmittance mode simultaneously for the palladium edge, while
only transmittance was recorded for copper. The chosen reactions were the following:
(1) 1% CO + 1% NO, (2) 1% CO + 1% NO + 0.5% H2 and (3) 1% CO + 1% N2O. All
percentages are expressed on a volume basis, and all reactants flows are balanced in
He. Before each reaction, the samples were calcined in situ in a 20% O2 flow balanced
in He until a temperature of 300 °C, before allowing them to cool to 50 °C in the same
gas mixture. Gases were premixed before reaching the cell and the total flow was 50
mL/min STP for all conditions. After calcination, two EXAFS spectra were collected
(labelled “Calcination”). The total flow was 50 mL/min STP per reactor for all the
reactions. The samples were exposed to the reaction mixture of choice for 1 h at 50 °C,
while XANES spectra were collected. The temperature was then ramped to 200 °C at a
rate of 5 °C/min, while recording XANES. After reaching 200 °C, the flow was switched
to pure He and the samples were allowed to cool down. Two EXAFS spectra were
collected at room temperature, labelled “CO + NO reaction”, “CO + NO + H2 reaction” or
“CO + N2O reaction”, according to the reaction performed. The calcination was then
repeated, and the following reaction was executed.
Background subtraction and merging were performed with the Athena software of the
Demeter package [55]. Linear combination fitting (LCF) was performed by fitting the
XANES portion of the spectra ranging from -20 to 100 eV around the absorption edge.
A reference Pd foil and a reference PdO spectrum were used for LCF at the Pd K-edge,
while a Cu foil and a CuO standard were used for LCF at the Cu K-edge. EXAFS spectra
were fitted with the Artemis software of the Demeter package. S 02 was obtained by
fitting a PdO standard, and consequently fixed to a value of 0.70 for all further fittings
procedures. Fits were performed simultaneously in R-space on k1-, k2-, and k3-weighted
spectra. The fitting ranges were Δk = 3-10 Å−1 and ΔR = 1.0-3.2 Å. The spectra have a kweight of 3 and are not phase-corrected.
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6.3 Results and discussion

The FSP technique was employed to synthesize stoichiometric and doped ceria. The Cudoped cerias were prepared with a targeted atomic Cu/Ce ratio ranging from 5% to
20%, while the Cu-impregnated supports had an atomic Cu content of 10%. The actual
Cu content was close to these values, as confirmed by ICP-OES elemental analysis
(Table 6.1). Similarly, accurate results were obtained for the Fe-containing supports
already discussed in Chapter 5.
Table 6.1: Copper loading of the Cu-containing CeO2 supports as determined by ICP-OES analysis.
Theoretical metal
weight loading (%)

Metal weight
loading (%)

Atomic Cu/Ce
ratio (%)

FSP-5-Cu

1.92

1.85 ± 0.15

4.8

FSP-10-Cu

4.02

3.54 ± 0.22

8.8

FSP-20-Cu

8.82

7.62 ± 0.26

17.3

Cu/FSP-CeO2

4.02

4.13 ± 0.02

10.3

Cu/FSP-10-Fe

4.02

3.98 ± 0.03

9.9

Support

As previously underlined in Chapters 4 and 5 as well as by Teoh et al. [26], the FSPmade ceria displays a remarkably high surface area (Table 6.2), which is almost twice
as high as conventionally precipitated and hydrothermally synthesized ceria supports
[56]. The highest surface area is exhibited by the FSP-5-Cu support. The shape of the
ceria particles can be appreciated from the TEM images shown in Figure 6.1. The
average particle sizes of the various samples are listed in Table 6.2. While the FSP-CeO2
particles have a polyhedral shape and an average size close to 5 nm, the particles
become slightly larger when Cu is present during FSP preparation. The particles are
also more rounded than the polyhedral ones in FSP-CeO2 and grow more rounded as
the Cu loading increases, as previously reported [57]. In all cases, the supports
exhibited a narrow particle size distribution as evaluated from the TEM images.
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Table 6.2: Surface area and CeO2 particle size determined by N2 physisorption and TEM imaging.
Support

BET surface

Particle size

Particle size

area (m2/g)

BET (nm)

TEM (nm)

FSP-CeO2

157

5.3

4.8 ± 1

FSP-5-Cu

184

4.5

4.5 ± 1

FSP-10-Cu

180

4.6

4.6 ± 1

FSP-20-Cu

156

5.3

5.1 ± 1

Figure 6.1: TEM images of the FSP-CeO2, FSP-5-Cu, FSP-10-Cu and FSP-20-Cu supports along
with particle size distribution histograms.

The XRD patterns of the Cu-doped supports are shown in Figure 6.2. The supports
display the typical fluorite reflections of the Fm-3m space group (ICCD card 43-1002)
of ceria. The shape of the peaks suggests the presence of a bimodal size distribution.
The broad peaks are caused by the nanometer-sized particles visible in Figure 6.1,
while the sharp component may be due to a small fraction of larger particles in the
sample [27]. Even at loadings as high as 20% Cu, no reflections of bulk CuO were
discerned. This is likely due to the homogeneous dispersion of Cu in ceria obtained
during FSP synthesis, which starts from a homogeneously mixed solution of Cu and Ce
precursors [17,57,58]. We cannot rule out, however, that some CuO particles are
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formed being too small to be detected by XRD. The inclusion of Cu in the ceria lattice is
also suggested by the shift of the XRD peaks. Figure 6.2b shows that the main peak,
which is located at 28.46 degrees 2θ in pure FSP-CeO2, shifts to 28.62, 28.56 and to
28.79 degrees 2θ when respectively 5%, 10% and 20% Cu is added. This shift is caused
by a contraction of the lattice due to the introduction of a cation smaller than Ce4+ in the
lattice [17,59,60]. Lattice strain has been shown to generate oxygen vacancies in Cudoped supports [61]. Comparable trends were observed for Fe-doped ceria, as reported
in Chapter 5. The XRD pattern of Cu/Pd/FSP-10-Fe also did not show any reflections
related to bulk CuO (not shown) (see Table 6.2).

Figure 6.2: XRD patterns of FSP-CeO2, FSP-5-Cu, FSP-10-Cu and FSP-20-Cu (right: magnification
of the (111) reflection).

The reducibility and the dopant-CeO2 interactions were probed by H2-TPR (Figure 6.3).
FSP-CeO2 exhibits two main peaks (green plot in Figure 6.3): the surface lattice oxygen
can be removed between 300 °C and 550 °C, while the bulk lattice oxygen can be
removed at temperatures higher than 650 °C [59]. The introduction of copper causes
the reduction to proceed below 200 °C, as shown in the insert of Figure 6.3. Meanwhile,
the area of the peak assigned to surface oxygen reduction decreases, indicating that part
of the low temperature peak is due to the removal of oxygen of Cu species in the surface.
The Cu-doped supports show several low-temperature peaks, suggesting the presence
of several different Cu species interacting with CeO2. Unsupported bulk CuO reduces at
temperatures higher than 250 °C [62]. The reduction features at low temperature
become less prominent with the increase in Cu loading, indicating that these species are
most likely highly dispersed Cuδ+ species in tight contact with CeO2 [63]. Reduction
features located at slightly higher temperatures, as observed in Cu-richer supports, is
indicative of larger Cu clusters, which interact less strongly with the support. It has been
indicated earlier that these species comprise Cu-rich domains formed in Cu/CeO2 at
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higher Cu loading [64]. The Cu-impregnated support (Cu/FSP-CeO2) displays two peaks
at 140 °C and 165 °C. Compared to the FSP support with the same Cu content (FSP-10Cu), the reduction occurs at higher temperatures while the low-temperature peak at
106 °C is missing. The peak area related to lattice oxygen reduction is decreased
compared to that of the FSP-CeO2 sample. This suggests that, besides Cu species in the
support (feature at 106 °C), also Cu species at the surface can interact with ceria and
increase the surface reducibility.

Figure 6.3: H2-TPR traces of the Cu-containing supports. The insert shows a magnification of the
temperature range between 40 °C and 250 °C.

Four supports were chosen for a more detailed study of the dopant effect: pure FSPCeO2, FSP-10-Cu as a representative of Cu-doped supports, FSP-10-Fe, and Cu/FSP-10Fe. The Fe-containing support was selected because it had demonstrated high NOx
reduction activity at low temperature, as discussed in Chapter 5. The FSP-10-Fe support
has a surface area of 166 m2/g, a relative atomic Fe content of 10% and a particle size
of 5.2 nm ± 1 nm, as discussed in Chapter 5. Fe forms a homogenous solid solution with
ceria at this Fe content. The Cu/FSP-10-Fe support was obtained by impregnation of Cu
on FSP-10-Fe particles with the purpose of having a reference for the Cu-doped CeO2
sample.
The supports were impregnated with Pd-nitrate to achieve a 1% weight loading. No Pd
nanoparticles could be observed in TEM images (Figure 6.1), which points to a high
dispersion of Pd. We earlier confirmed the catalytic synergy between Pd and CeO2 in
this type of catalysis by comparison to a Pd/SiO2 catalyst [16].
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Figure 6.4 reports CO oxidation results for the four selected catalysts and FSP-10-Cu
support. It is important to note that FSP-10-Cu already shows appreciable CO oxidation
activity at temperatures below 100 °C. The promising activity of Cu-CeO2 catalysts has
been noted before [33]. Pd/FSP-CeO2 shows a higher activity than FSP-10-Cu below 80
°C, but the Cu-only catalyst performs better at higher temperature. Modification of the
ceria support by Cu or Fe results in more active Pd/CeO2 catalysts. Importantly, Cu and
Fe doping results in a substantial room-temperature activity and full CO conversion at
100 °C. We speculate that the higher activity is related to easier formation of Ce3+ sites
in the doped ceria supports due to a lower O binding energy [65].

Figure 6.4: CO conversion as a function of the temperature (1 bar, 50 mL/min total gas flow) in
the CO + O2 reaction. The catalysts were calcined at 300 °C prior to the reaction.

Figure 6.5 shows the catalytic activity data for the CO + NO reaction. Pd/FSP-10-Fe
reaches full NO conversion between 125 °C and 150 °C, while the Cu-impregnated and
Cu-doped samples require slightly higher temperatures, 175 °C and 200 °C,
respectively. The reaction products of NO conversion were N2O and N2. No NO2 was
observed in the reactor effluent. N2O was the main product at low temperatures, while
N2 was the dominant product at higher temperatures. The Cu-containing samples gave
the highest N2 selectivity and 100% N2 selectivity was achieved below 250 °C (Figure
6.5). In comparison, Pd/FSP-CeO2 and Pd/FSP-10-Fe did not attain complete
conversion to N2 until 300 °C, despite the latter catalyst being very efficient in
converting NO at low temperatures. Both of these samples displayed a small decrease
in CO conversion around 200 °C. This behavior was not observed for the Cu-containing
catalysts.
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The mechanism of the CO + NO reaction is thought to involve N-O bond cleavage on Pd
sites [66,67]. At higher temperature, vacancies on the CeO2 surface can also play a role
in NO dissociation [46,68,69]. The association of the resulting N adsorbate with NO
results in N2O, which is the dominant reaction pathway at lower temperatures. The
recombination of two Nads species can also directly produce N2, which is favored at
higher temperature [38]. Adsorbed O is consumed by CO to produce CO2 [70,71]. The
N2O intermediate can be decomposed to N2 and Oads, after readsorption [72,73]. This
reaction can be catalyzed by Pd and ceria oxygen vacancies [74–76]. A higher N2
selectivity can have several reasons. Fast Nads recombination to N2 can contribute at
higher temperatures. At lower temperatures, increased N2 selectivity can be due to a
higher rate of N2O decomposition due to a lower coverage of the active Pd phase or a
higher concentration of ceria oxygen vacancies. We expect that the higher reducibility
of the doped supports can contribute to a higher N2 selectivity [39].
While our work in Chapter 5 underlined the importance of Pd/Fe-CeO2 interfaces,
previous work on Cu-doped ceria addressed the significant role that well-dispersed Cu
species in TWC model reactions [33]. Well-dispersed Cu species in tight contact with
CeO2 have been identified as excellent active sites for N2O decomposition, which is
consistent with the higher N2 selectivity displayed by the Cu-containing samples in
Figure 6.5 [36,39]. Previous work by Zhang et al. discussed NO reduction on flamemade Cu-doped ceria-zirconia [38]. The Cu content was 4 wt%, which is comparable to
the loading of our FSP-10-Cu support. Their Cu-doped CeO2 catalyst achieved complete
NO conversion and N2 selectivity at 400 °C. The addition of 1 wt% palladium allowed us
to shift the minimum temperature of complete NO conversion to 200 °C, and the
temperature at which full N2 selectivity was reached by 150 °C. These results underline
the significance of a close interaction between Pd, Cu and CeO2.
Given previous work discussing the enhanced NO reduction activity and N 2 selectivity
of bimetallic alloys with Pd and specifically Pd-Cu alloys [43,46], we hypothesize that
the formation of a Pd-Cu active phase during the reaction contributes to the high N2
selectivity observed in our experiments. The observation that the catalytic activity of
Pd/FSP-10-Cu and Cu/Pd/FSP-10-Fe are very similar with a slightly higher N2
selectivity for Cu/Pd/FSP-10-Fe further supports this suggestion, as for the
impregnated catalyst the predominant part of Cu is on the CeO 2 surface rather than in
the surface. The FSP-10-Cu support itself is also active in the CO + NO reaction, albeit
with a lower selectivity compared to its Pd-loaded counterpart. This further confirms
the Pd-Cu synergy. We also verified that addition of 1% v/v O2 to the reaction mixture
strongly hampered NO dissociation and shifted the main product of NO conversion to
NO2 (data not shown). The lower reactivity can be explained by oxygen adsorbing on
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Pd, competing with NO and preventing its dissociation, as well as by oxygen healing the
vacancies on ceria [77].

Figure 6.5: (left) CO conversion and (right) NO conversion and N2 selectivity as a function of
temperature (1 bar, 50 mL/min total gas flow) in the CO + NO reaction. The catalysts were
calcined at 300 °C prior to the reaction.

In the exhaust gas of gasoline engines, there is a small amount of H 2 present [11].
Moreover, ceria-based catalysts typically show WGS activity, resulting in the formation
of additional H2 [78]. Accordingly, we also investigated the effect of H 2 on the CO + NO
reaction (Figure 6.6). Previous works reported a positive influence of Hads on NO
dissociation for Pd-containing catalysts due to the beneficial effect of adding an extra
reducing agent to the mixture [79–81]. Additionally, the presence of H2 in the feed was
able to favor the catalytic pathway leading to N2 on a Pt(100) single crystal surface [82].
Cu-containing catalysts display a higher CO conversion than the other samples, which
is consistent with their enhanced oxygen availability provided by Cu-CeO2 phases at low
temperature, as evidenced in Figure 6.3. Also in this case, the reactivity of the Cucontaining samples is not dramatically different, even though the Cu/Pd/FSP-10-Fe
sample seems to briefly deactivate in the 175 - 225 °C range.
Figure 6.7 reports the T50 values obtained for NO conversion and N2 selectivity in both
the CO + NO and the CO + NO + H2 reactions. NO conversion is mildly improved by the
addition of hydrogen to the reaction feed, as expected (see Figure 6.7): all the Pdimpregnated supports have a T50 below 100 °C. The selectivity of Pd/FSP-10-Fe is
strongly enhanced, lowering the T50 of N2 selectivity from 251 to 183 °C by addition of
hydrogen to the reaction feed (Figure 6.7). Pd/FSP-CeO2 also displays a similar
behavior, with the T50 correlated to the N2 selectivity being lowered from 260 to 219 °C.
The Cu-containing samples again display excellent performance in selectivity, with
Pd/FSP-10-Cu having a T50 of 171 °C, and Cu/Pd/FSP-10-Fe having a T50 of 162 °C.
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Curiously, the addition of hydrogen to the feed does not significantly improve the
selectivity for either of the Cu-containing samples.

Figure 6.6: (left) CO conversion and (right) NO conversion and N2 selectivity as a function of
temperature (1 bar, 50 mL/min total gas flow) in the CO + NO + H2 reaction. The catalysts were
calcined at 300 °C prior to the reaction.

Figure 6.7: T50 values for NO conversion and N2 selectivity for all samples, both in the CO + NO
reaction (red bars) and the CO + NO + H2 reaction (blue bars). The solid bars represent the T50
values related to NO conversion, while the dashed bars represent the T50 values related to N2
selectivity.

Cu is well known as a catalyst for N 2O decomposition [39,83]. It has also been
demonstrated that N2O decomposition benefits from a good dispersion of Cu on CeO 2
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[72]. Konsolakis et al. concluded that a high Cu dispersion and, therefore, a large CuCeO2 interface is beneficial for N2O decomposition and formation of oxygen vacancies,
the latter assisting in the removing the oxygen formed by N2O decomposition as
molecular oxygen [33,36,74]. We further assessed the benefit of Cu for N2O
decomposition in the CO + N2O reaction. Figure 6.8 shows the superior lowtemperature activity of Cu-containing samples compared to Pd/FSP-10-Fe or
Cu/Pd/FSP-10-Fe for this reaction. Even in the absence of Pd, the FSP-10-Cu sample is
highly active. The FSP-10-Cu support is highly active, but the addition of Pd certainly
improves the activity further. Conversely, impregnation of Cu on the Pd/FSP-10-Fe
catalyst does not significantly improve the activity.

Figure 6.8: (left) CO conversion and (right) N2O conversion as a function of temperature (1 bar,
50 ml/min total gas flow) in the CO + N2O reaction. The catalysts were calcined at 300 °C prior to
the reaction.

The significantly different conversion and selectivity results point out to the presence
of different active species in the various catalysts. An in situ Pd K-edge EXAFS study was
conducted under conditions comparable to the catalytic activity measurements. The
Pd-impregnated catalysts were subjected to calcination prior to exposure to the
reaction feed at 200 °C, followed by cooling to 50 °C. The model reactions investigated
were CO + NO, CO + NO + H2 and CO + N2O. Catalysts were re-calcined between the
different reactions. The EXAFS spectra were collected at room temperature to minimize
thermal disorder. EXAFS results are summarized in Figure 6.9 and Tables 6.3-6.8. The
corresponding XANES spectra recorded during calcination and reaction as a function of
temperature and analyzed by a linear combination fitting (LCF) analysis in order to
obtain information on the oxidation state of palladium (Figure 6.10) and copper
(Figure 6.11).
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The EXAFS spectra of the freshly calcined samples are dominated by a Pd-O shell and a
weak Pd-Pd shell. As the XANES analysis shows that Pd in all samples is in the oxidized
state, we conclude that the Pd-Pd shell is part of very small PdO clusters, possibly
combined with some atomically dispersed Pd. On average, each Pd ion is coordinating
to four O anions. The Pd-Pd coordination is slightly higher in the sample impregnated
with Cu (Cu/Pd/FSP-10-Fe), which might be due to the presence of some Cu
backscatterers that however could not be fitted properly.
During the CO+NO reaction, we observe that Pd is partially reduced. At 200 °C, about
40-50% of Pd is reduced into the metallic form. After completing the CO+NO reaction,
EXAFS analysis shows that the Pd-O coordination of all samples has decreased and
instead metallic Pd clusters are formed (metallic Pd-Cu clusters for the Cu-containing
samples). The Pd-Pd distances in these reduced catalysts are slightly higher than those
in the calcined catalysts, indicative of the conversion from the oxide to the metallic form
of Pd. [84]. It is also interesting to note that the Cu-containing samples clearly contain
a Pd-Cu shell, which demonstrates that a Pd-Cu alloy is formed during the partial
reduction process. This is in accord with earlier studies that reported the formation of
a Pd-Cu alloy [48,50,85]. In line with the formation of a Pd-Cu alloy, XANES analysis
shows that Cu is also partially reduced during the CO+NO reaction (Figure 6.11).
Clearly, the Cu reduction only occurs above 100 °C, which coincides with the onset of
the CO+NO reaction (Figure 6.5). It is also seen that reduction of the Cu phase in the
impregnated catalyst is easier than in the Cu-doped ceria catalyst.
Re-calcination of these samples shows that most of the Pd can be re-oxidized. Notably,
nearly all of Pd in Pd/FSP-CeO2 can be transformed in the oxidic form, whereas for the
other catalysts about 20% remains in the metallic form. The data seems to suggest that
re-oxidation is easier for the undoped samples. The structural data show a lower Pd-Pd
coordination, indicating that the partial reduction-calcination procedure led to an
increased PdO dispersion.
Exposure to a feed containing CO+NO+H2 results in a faster and more complete
reduction of the Pd phase, whereas the reduction of the Cu phase is similar to the
CO+NO case. There are slight differences in the final Pd reduction degree, the highest
being observed for Pd/FSP-10-Fe. Although no Cu XANES spectra were recorded during
the re-calcination step, the XANES data recorded during the CO+NO+H2 reaction show
that Cu has been completely re-oxidized. The EXAFS spectra after the CO+NO+H 2
reaction are similar to those after the CO+NO reaction. The structural analysis shows
that the total coordination number of Pd + Cu around Pd is higher after the CO+NO+H2
reaction, in line with the higher reduction degree. It implies that the reduction goes
along with aggregation of Pd (and Cu) species into small (bimetallic) clusters.
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The third calcination step again leads to a significant re-oxidation and redispersion of
Pd as evident from the increased Pd-O and decreased Pd-Pd coordination and the
XANES analysis. Finally, when the CO+N2O reaction is carried out, similar reduction and
agglomeration phenomena were observed. Specific differences with the earlier
reactions are the lower reduction degree of Pd for the Cu-containing catalysts and the
slightly larger Pd-Pd and Pd-Cu coordination numbers.
In summary, the in situ XAS study shows the dynamic nature of the Pd phase in the
Pd/CeO2 catalysts. Upon calcination, Pd is present as highly dispersed PdO particles,
which is most likely the result of the strong Pd-ceria interaction. Doping ceria with iron
seems to result in a slightly lower interaction between Pd and the support, as evident
from the higher Pd-Pd coordination numbers during the different reactions. As shown
by DFT calculations [86], part of the O atoms in Fe-doped ceria are inherently unstable.
We speculate that the lower oxygen stoichiometry of the Fe-doped ceria surface may
contain less anchors for dispersing Pd in the ionic form. Doping the ceria surface with
copper results in a different behavior, comparable to impregnation with Cu. The ease of
Cu reduction in both cases suggests that the Cu species doped into the ceria surface can
easily migrate to the surface and interact with Pd. Consequently, reducing conditions
lead to the formation of Pd-Cu alloy clusters on the surface.
It is finally worthwhile to discuss the combined catalytic activity and XAS data. A
comparison of Pd/FSP-CeO2 with Pd/FSP-10-Fe shows that the Pd phase in these
catalysts is very similar. In the stoichiometric CO+NO reaction, the performance of these
two catalysts is nearly the same with a similar N 2 selectivity as a function of
temperature. When excess reductant is present as in the CO+NO+H2 reaction, the N2
selectivity of Pd/FSP-10-Fe is higher than that of Pd/FSP-CeO2. Also in the CO+N2O
reaction, the activity of the Fe-containing catalyst is substantially higher. We conclude
that the higher N2 selectivity is caused by the presence of oxygen vacancies in the ceria
support due to the doping with iron. Excess reductant is needed because otherwise the
ceria surface will be stoichiometric. All the Cu-containing catalysts including the FSP10-Cu support show a much higher N2 selectivity than Pd/FSP-CeO2 in the various NO
reduction reactions, irrespective whether Cu was initially present in the ceria support
or later impregnated after the Pd impregnation. Together with the observations that a
Pd-Cu alloy is formed during the NO conversion reactions and that FSP-10-Cu also
displays a high N2 selectivity during these reactions, we can conclude that Cu is an
essential component for obtaining high N 2 selectivity. The results of the CO+N2O
reaction provide a strong clue that the ease of N2O dissociation on Cu is an important
aspect of the high N2 selectivity.
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Figure 6.9: Pd K-edge Fourier transform magnitudes of k3-weighed EXAFS data and theoretical
fits for all four samples a) after the first calcination, b) after the CO + NO reaction, c) after the
second calcination, d) after the CO + NO + H2 reaction, e) after the third calcination, f) after the
CO + N2O reaction.
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Figure 6.10: linear combination fitting of the in situ XANES portion of the Pd K-edge XAS spectra with increasing temperature during a) the CO +
NO reaction, b) the second calcination procedure, c) the CO + NO + H2 reaction, d) the third calcination procedure, e) the CO + N2O reaction.
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Figure 6.11: Linear combination fitting of the in situ XANES portion of the Cu K-edge XAS spectra
with increasing temperature during a) the CO + NO reaction, b) the CO + NO + H 2 reaction, c) the
CO + N2O reaction.
Table 6.3: Pd K-edge EXAFS fitting results for all the samples after the first calcination.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

4.1 ± 0.5

2.00 ± 0.01

1.3

Pd-Pd

0.90 ± 0.5

2.81± 0.02

0.2

Pd-O

4.0 ± 0.3

2.01 ± 0.01

2.1

Pd-Pd

Absent

Absent

Absent

Pd-O

3.9 ± 0.3

2.00 ± 0.01

1.6

Pd-Pd

1.9 ± 1

2.76 ± 0.04

13

Pd-O

3.8 ± 0.4

2.00 ± 0.01

1.7

Pd-Pd

2.4 ± 1

2.78 ± 0.04

13

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe
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Table 6.4: Pd K-edge fitting results for all the samples after the CO + NO reaction.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

1.8 ± 0.4

1.97 ± 0.010

0.22

Pd-Pd

6.2 ± 1

2.76 ± 0.01

11

Pd-O

1.2 ± 0.3

1.95 ± 0.02

3.5

Pd-Pd

7.1 ± 0.6

2.74 ± 0.01

9.1

Pd-O

0.34 ± 0.8

1.96 ± 0.02

3.0

Pd-Pd

4.7 ± 0.9

2.74 ± 0.02

12

Pd-Cu

4.1 ± 0.9

2.61 ± 0.01

12

Pd-O

0.12 ± 0.1

2.05 ± 0.02

8.0

Pd-Pd

4.7 ± 0.8

2.71 ± 0.01

13

Pd-Cu

5.0 ± 0.9

2.60 ± 0.01

13

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe

Table 6.5: Pd K-edge EXAFS fitting results for all the samples after the second calcination.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

3.9 ± 0.6

2.01 ± 0.02

2.6

Pd-Pd

Absent

Absent

Absent

Pd-O

3.8 ± 0.3

2.01 ± 0.01

3.1

Pd-Pd

Absent

Absent

Absent

Pd-O

3.6 ± 0.2

2.01 ± 0.01

2.2

Pd-Pd

2.3 ± 0.7

2.76 ± 0.02

12

Pd-O

3.7 ± 0.2

2.01 ± 0.01

2.5

Pd-Pd

1.8 ± 0.8

2.73 ± 0.03

13

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe
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Table 6.6: Pd K-edge EXAFS fitting results for all the samples after the CO + NO + H2 reaction.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

1.2 ± 0.3

1.97 ± 0.01

0.3

Pd-Pd

7.1 ± 0.9

2.76 ± 0.01

8.6

Pd-O

0.48 ± 0.2

1.96 ± 0.01

2.9

Pd-Pd

8.2 ± 0.4

2.74 ± 0.00

6.9

Pd-O

0.081 ± 0.09

1.99 ± 0.02

5.1

Pd-Pd

4.1 ± 0.6

2.72 ± 0.01

11

Pd-Cu

6.1 ± 0.8

2.61 ± 0.01

11

Pd-O

absent

absent

Absent

Pd-Pd

3.4 ± 0.6

2.70 ± 0.01

11

Pd-Cu

5.7 ± 0.7

2.60 ± 0.01

11

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe

Table 6.7: Pd K-edge EXAFS fitting results for all the samples after the third calcination.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

3.5 ± 0.3

2.00 ± 0.01

1.6

Pd-Pd

2.1 ± 0.9

2.75 ± 0.02

10

Pd-O

3.8 ± 0.3

2.00 ± 0.01

3.7

Pd-Pd

1.5 ± 0.7

2.75 ± 0.01

7.1

Pd-O

3.4 ± 0.2

2.01 ± 0.01

1.9

Pd-Pd

2.3 ± 0.6

2.76 ± 0.01

9.8

Pd-O

3.7 ± 0.3

2.02 ± 0.01

3.0

Pd-Pd

0.49 ± 0.2

2.74 ± 0.03

4.9

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe
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Table 6.8: Pd K-edge EXAFS fitting results for all the samples after the CO + N 2O reaction.
Sample

Shell

N

R(Å)

σ2*103(Å2)

Pd/FSP-CeO2

Pd-O

1.0 ± 0.02

1.96 ± 0.01

2.3

Pd-Pd

7.8 ± 0.8

2.75 ± 0.01

8.4

Pd-O

0.61 ± 0.2

1.97 ± 0.01

1.3

Pd-Pd

8.6 ± 0.4

2.74 ± 0.001

6.3

Pd-O

0.20 ± 0.1

2.00 ± 0.02

4.1

Pd-Pd

5.2 ± 0.5

2.71 ± 0.01

11

Pd-Cu

4.8 ± 0.5

2.62 ± 0.01

11

Pd-O

absent

absent

absent

Pd-Pd

4.6 ± 0.5

2.72 ± 0.01

10

Pd-Cu

4.2 ± 0.5

2.61 ± 0.01

10

Pd/FSP-10-Fe

Pd/FSP-10-Cu

Cu/Pd/FSP-10-Fe

6.4 Conclusions
Our study reports on the exceptional activity of FSP-synthesized iron and copper-doped
catalysts in CO oxidation and NOx reduction, and the determination of the nature of the
active phase under reaction conditions. The nanoparticles are characterized by an
extremely small particle size (approximately 5 nm) and a high surface area (up to 184
m2/g). A homogeneous solid solution was obtained until 10% atomic loading, while
higher loadings facilitated the formation of Cu-rich domains. The support doped with
10% atomic Cu was compared with a Fe-doped support, a pure CeO2 support and a Cuimpregnated support. The Pd-loaded supports demonstrated very promising
performance in NOx reduction, with the Fe-doped material achieving full NO conversion
at the lowest temperatures, and the Cu-containing samples exhibiting high selectivity
towards N2 at the lowest temperatures. The conversions and selectivities were superior
to catalysts of similar composition. In situ XAS shows the formation of a slightly
clustered Pd phase on pure ceria and on iron-doped ceria in reaction conditions, which
can be reversed by re-calcination. On Cu-containing samples, a dynamic Pd-Cu alloy is
formed when the samples are exposed to the reaction feed. We hypothesize that this
phase is an excellent site for NOx adsorption and decomposition, which explains the
enhanced N2 selectivity displayed by these samples.
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Chapter 7:
Synthesis, physicochemical characterization, and
cytotoxicity assessment of CeO2 nanoparticles with
different morphologies

Abstract

With the growing use of nanomaterials, it is essential to carefully determine whether
they represent a risk for potential users. So far, validated stand‐alone methods that
allow a proper risk assessment are still rare. In the present study, the cytotoxicity of
CeO2 nanoparticles has been assessed. For this purpose, a variety of well‐defined CeO2
nanoparticles has been prepared by using either hydrothermal synthesis or flame spray
pyrolysis (FSP), resulting in nanoparticles of different morphologies and sizes. The FSP
technique is known to produce particles of a very small size (in the range of
nanometers), which can easily become airborne. We employed a characterization
procedure that makes use of physicochemical techniques, comprising N 2 physisorption,
XRD, TEM, as well as ζ‐potential and surface‐charge measurements. The cytotoxicity of
the nanoparticles was evaluated in vitro on two different human lung cell lines (A549
and MRC‐5). The tests showed that, despite the differences in surface properties, size,
and morphologies, neither of the CeO2 samples gave rise to a cytotoxic response.

This chapter has been published as: Spezzati G., Fant K.., Ahniyaz A., Lundin-Johson M.,
Hensen E.J.M, Langermans H., Hofmann J.P., European Journal of Inorganic Chemistry,
2017, 25, 3184-3190
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7.1 Introduction
Nanomaterials are defined as materials with an external dimension in the nanoscale
(from 1 nm to 100 nm) or having an internal structure or surface structure in the
nanoscale [1]. Compared to a bulk material, a nanomaterial may show remarkably
different optical, electrical, mechanical and chemical properties, that can be used in
fields like solar energy conversion [2], catalysis [3], drug delivery [4] and sensor
technologies [5]. Due to the unique properties of nanomaterials the world has seen a
vast increase in their production and use in the last decades. Although there is concern
on the safety and toxicity effects of nanomaterials and lots of activities are devoted
hereto, a uniform way of assessing the specific risks associated with nanomaterials is
still missing. It is felt that in many companies, the physical parameters of nanomaterials
such as particle size distribution and surface properties are most readily available but
suitable techniques for studying biological activity are less common and also less at
hand. It is clear that in many cases, in order to get a better picture on the safety and the
toxicity of nanomaterials interdisciplinary efforts are required [6]. Generally, in vivo
studies, although significantly expensive and time-consuming, provide fairly accurate
results. On the contrary, in vitro tests have the benefit of being cheaper and less timeconsuming. However, since they are conducted on isolated systems, it is not possible to
include all possible biological effects in one single test.
Cerium dioxide nanoparticles (CNPs) have attracted widespread attention due to their
unique chemical, mechanical, electric, and optical properties, which are especially
interesting when the CNPs size is in the nanoscale [7]. They find applications in
heterogeneous catalysis [8], chemical mechanical polishing [9], UV-resistant coatings
[10,11], and nanomedicine [12]. One of the key aspects of CNPs is that they have unique
regenerative properties owing to their low reduction potential and the coexistence of
both Ce3+/Ce4+ on their surfaces [13–15]. Defects in the crystal lattice due to the
presence of Ce3+ play an important role in tuning the redox activity of CNPs. The surface
Ce3+/Ce4+ ratio is influenced by the microenvironment CNPs are synthesized in.
Therefore, the adopted synthesis method plays an important role in determining the
properties of the resultant CNPs, the potential applications as well as the biological
activity and the toxicity of CNPs. CNPs have shown the ability to scavenge reactive
oxygen species, which are harmful, and to reduce oxidative stress [16,17]. The ability
to trap oxygen radicals has been linked to the above-mentioned ease to switch from the
Ce3+ to the Ce4+ oxidation state. Other authors, in contrast, claim that this property itself
is the source of oxidative stress, and that CNPs induce genotoxicity via the production
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of oxygen radicals [18]. Reed et al. stated that when the size of CNPs decreases, the
amount of Ce3+ and thus oxygen vacancies on the surface increases [19].
With the increasing use of CeO2 in the nanomedicine field, for instance in antimicrobial
applications [20], there is a clear need for a more thorough characterization of the
interaction between CeO2 nanoparticles and human organs [21]. The work of Gagnon et
al. clearly underlines the confusion and lack of unambiguous conclusions that
characterizes the topic [6]. The test method should be able to reproduce the processes
that take place during the exposure of an organism to nanomaterials as closely as
possible. Studies on lung cells well represent the inhalation route, which is the most
likely for nanopowders. Physicochemical methods can provide information on the size,
shape and surface properties of the CNPs, while biological tests offer evidence on
absorption routes, nanoparticle-cell interactions and, most importantly, on toxicity.
Lastly, the careful evaluation of the dissolution and dispersion of the CNPs in the
biological medium is of great importance.
Lin et al. [22] synthesized CNPs with a size of 20 nm and assessed their toxicity when a
A549 human bronchoalveolar carcinoma-derived cell line was subjected to increasing
doses of CNPs. The results show that CNPs generate oxidative stress on the cells and
cause membrane leakage. The authors point out that not only does the concentration of
the nanoparticles matter, but the overall cytotoxicity is also dependent on factors such
as presence of dopants and impurities, nanoscale morphology, surface treatments,
crystallinity, and agglomeration level. Xia et al. [17] studied CeO2 nanoparticles
produced by flame spray pyrolysis and evaluated the cellular uptake and toxic effects
on mice macrophages RAW 264.7 and human BEAS-2B lung epithelial cells. Their
results show that CeO2 nanoparticles are able to suppress the production of reactive
oxygen species (ROS), proving to have a positive influence on the cells. Park et al. [23]
synthesized CNPs of sizes ranging from 15 to 45 nm via a supercritical synthesis
method, and evaluated their toxicity to human BEAS-2B lung epithelial cells. The results
show that the cells are subjected to severe negative effects, such as ROS increase,
oxidative stress increase, and the induction of stress-related genes (oxygenase-1,
catalase, glutathione S-transferase and thioredoxin reductase). Moreover, it was
demonstrated that the CNPs were able to penetrate in the cytoplasm of the cells. It was
shown that the CNPs aggregate in the peri-region of the nucleus, which might be
responsible for the high number of adverse reactions observed. A study conducted by
Ji et al. [24] underlined the importance of the careful distinction not only of the chemical
composition of a sample but also of the particle aspect ratio in the case of needle-shaped
CNPs. The aspect ratio is defined as the length of a particle divided by its width, and it
is essential to distinguish fiber-like materials. Their study considers the synthesis of
137

Chapter 7

multiple CeO2 nanorod systems and the subsequent evaluation of the effect of the
sample on a THP-1 monomyelocytic leukemia cell line. The toxicity was evaluated by
monitoring of the activation of the NALP3 inflammasome due to lysosomal damage.
Previous studies on asbestos fibers had established that if the NALP3 inflammasome
was activated, it is likely to play a role in the generation of pulmonary inflammation and
fibrosis [25]. In their study, all nanorods with an aspect ratio of 1-16 proved to be nontoxic, while nanorods with aspect ratios higher than 52 caused cell death. Intermediate
aspect ratio values triggered cell stress.
Flame spray pyrolysis is a technique that is nowadays widely used to produce highpurity oxides, such as SiO2, TiO2, Al2O3, Fe2O3 and CeO2 [26]. It starts from an organic
solution of an organic precursor of the metal. The solution is sprayed into a CH 4 / O2
flame and finely dispersed to tiny droplets. Due to the highly oxidizing atmosphere, the
organic portion of the droplets is combusted and the growth of oxide nanoparticles
starts. FSP-made particles are usually associated with relatively small size [27]. Due to
this feature, they are normally associated with the highest probability of becoming
airborne. The information on nanosafety for CNPs prepared with FSP is rather scarce
[28] and also not necessarily valid as the specific FSP parameter settings may be
different, and the properties of the particles might thus be different as well.
The goal of our study is to assess the feasibility of a characterization and test method
that can serve as a reference for researchers that need to evaluate the toxicity of CNPs
or other nanoparticulate materials. In the present study, we performed the synthesis of
model CNPs with different shapes and sizes using both hydrothermal and flame spray
pyrolysis (FSP) methods, as described in the Experimental Section. The products of the
hydrothermal synthesis method differed by morphology and size. The rod-shaped CNPs
are named after their aspect ratio (Rods9 and Rods15). Hydrothermal synthesis also
yielded CNPs with a cubic morphology. Flame spray pyrolysis provided remarkably
small CNPs, with a polyhedral shape. We used a combination of physicochemical
characterization techniques and biological in vitro testing in order to obtain substantial
information on CNPs particle size, morphology, surface properties and effect on
biological systems. The CNPs were characterized in powder form by powder X-ray
diffraction (XRD) and N2 physisorption. For the hydrodynamics, ζ potential, surface
charge, TEM and biological testing it was necessary to prepare dispersions of CNPs in
appropriate media.
We investigated the effect of CeO2 particles of different morphologies, immersed in cell
culture media on human lung cells. This method is suitable for nanotoxicity screening
and is recommended e.g. by the EU project NanoValid [29]. Inhaled particles smaller
than 100 nm are very likely to reach to the alveoli [30]. Therefore, alveolar epithelial
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cells A549 have been used [31–34]. Since A549 cells are derived from adenocarcinoma
and might not accurately represent normal airway epithelium in all aspects, we also
investigated the non-immortalized cell type MRC-5, which represent normal lung
fibroblasts as the most abundant cell type of connective tissue that together with lung
epithelium, basement membrane and capillary endothelium act as structural barriers
against uptake of inhaled particles.

7.2 Experimental
7.2.1

Materials and synthesis

Ce(NO3)3.6H2O (99.5% purity) was purchased from Alfa Aesar. CeCl 3.7H2O (99.9%
purity), NaOH (reagent grade, ≥98%, ethanol, Ce(CH3COO)3.H2O (99.9% purity), glacial
acetic acid (99.7% purity) were purchased from Sigma Aldrich. Polyelectrolyte poly-diallyl-N,N-dimethyl-ammoniumchloride (poly-DADMAC) solution (0.001 N) was
purchased from BTG. All compounds were used without further purification. Bovine
serum albumin (BSA) was purchased from Sigma Aldrich. All cell culture reagents (see
below) were from ThermoScientific Hyclone.
Hydrothermal synthesis was performed following the procedure detailed in reference
[35]. Briefly, Ce(NO3)3.6H2O precursor was used as precursor to obtain nanorods with
an aspect ratio of 15 (Rods15) as well as nanocubes, and CeCl 3.7H2O was used to obtain
nanorods with an aspect ratio of 9 (Rods9). In a typical synthetic procedure, the
precursor was dissolved in deionized water to achieve 5 mL of a 5 mM solution. The
solution was poured in 35 mL of a 17.1 M NaOH solution in deionized water at room
temperature and stirred for 1 hour. Deionized water was added to the resulting slurry
until a volume of 100 mL was reached and the mixture was poured into the Teflon liner
of a 125 mL stainless steel autoclave. The hydrothermal treatment temperature chosen
was 100 °C for both types of rods (static autoclave), and 180 °C for the nanocubes
(tumbling autoclave). The hydrothermal treatment was prolonged for 24 hours. The
product was then washed with deionized water and ethanol and dried at 80 °C for 2
hours in a vacuum oven. Subsequently it was calcined at 500 °C for 4 hours under a
20/80 O2/He flow.
Flame spray pyrolysis was performed on a Tethis NPS10 setup. The cerium precursor
was Ce(CH3COO)3, which was dissolved in glacial acetic acid. The concentration of the
solution was 0.15 M. It was necessary to stir for 1 hour at 80 °C in order to obtain a
homogeneous solution. We employed 30 mL of the starting 0.15 M solution and injected
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it in the nozzle at a speed of 5 mL/min. The flame was fed with a 1.5 sL/min flow of
methane and a 3.0 sL/min flow of oxygen as well as a dispersion flow of oxygen of 5.0
sL/min. We were able to collect ca. 0.25 g of powder on a glass fiber filter after the
procedure.

7.2.2

Characterization

XRD patterns were recorded on a Bruker D2 Phaser powder diffraction system using
Cu Kα radiation with a time per step of 0.5 min and a step size of 0.02° in the range 10°90° 2θ.
N2 physisorption was performed at −196 °C on a TriStar II 3020 instrument. Typically,
200 mg of each sample were transferred into a glass sample holder. The samples were
previously heated to 120 °C under a N2 flow overnight to allow for desorption of water
and impurities. The Brunauer-Emmet-Teller (BET) method was used to calculate the
surface area.
Ultrasonication was used in order to achieve a reproducible dispersion and to be able
to conduct further experiments that require a homogeneous system. For this purpose a
1.8 mg/mL solution was made in deionized water for each nanoparticle type. We made
use of a Sonics Vibracell VCX 130 Ultrasonicator using the following settings: 130 W
power, 40% amplitude, total sonication time of 16 minutes, with a pulsing time of 10
seconds and a resting time of 10 seconds. Nanorods required a longer time to achieve
satisfactory dispersion, therefore, a time of 24 minutes was used. It should be noted,
that in case of Rods9 and Rods15, in spite of the described vibrasonic treatment, some
material deposited on the containers over time (overnight), indicating limited
dispersion and colloidal stability.
TEM measurements were performed on a FEI Tecnai 20 electron microscope at an
electron acceleration voltage of 200 kV with a LaB6 filament. A few milligrams of sample
were ultra-sonicated as described above and dispersed over a carbon-coated Cu grid.
Particle counting was performed with the software ImageJ, by analyzing images that
represent different regions of the sample. The average particle size and particle size
distribution were determined by measuring around 100 particles for each sample.
The charge density of freshly prepared aqueous dispersions at a particle concentration
of 1.8 mg/mL in deionized water was measured using a particle charge detector Mütek
PCD-05. The charge density is then expressed in mEq/g dispersed material. 2000 µl of
the particle dispersion was added to the measuring unit and diluted with Milli-Q water
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to approximately 30 mL. Next, 1000 µl 0.1 M NH3/NH4+ buffer at pH 9.3 were added.
The final pH of the solution was 8-9. The sample was then titrated until the zero charge
potential (in mV) with a 0.001 M solution of poly-diallyl-N,Ndimetylammoniumchloride (poly-DADMAC).
Dynamic light scattering (DLS) characterization was performed on a Malvern Nano ZS
(HeNe-laser, 633 nm) on a 1000 μl stock dispersion with a concentration of 1.8 mg/mL
of the CNP in Milli-Q water, diluted into a 10 mL filtered (0.45 μm) 1 mM KCl solution
in Milli-Q water. At a similar sample dilution, the pH and the ζ potential (applying
Smoluchowski’s law) was determined with the Malvern Nano ZS using the M3 PALS
technique (Phase Angle Light Scattering). The pH meter had been calibrated just prior
to the measurement. All the measurements were performed in triplicate.

7.2.3

Cytotoxicity tests

Before the cytotoxicity tests, the particles were dispersed according to a modified
version of the NanoGenotox protocol [36], where particles after the ultrasonication
treatment as described above are subsequently suspended in Milli-Q water containing
0.5 % (w/v) bovine serum albumin (BSA). The BSA protein will coat the nanoparticles
and enable further dispersion in biological media containing salts, vitamins and many
other different types of proteins without immediate aggregation which is likely to be
the result without the pre-coating procedure. For this purpose, a dispersion of CNPs
concentration 1.8 mg/mL containing 0.5% (w/v) BSA was made. The freshly-made
dispersion was then spread on a carbon-coated copper grid and TEM images were
recorded as described above, in order to evaluate the effectiveness of the BSA coating
procedure.
A549 cells and MRC-5 cells were cultured in Modified Eagle’s Medium (MEM)
supplemented with Glutamax™ and 10 % fetal bovine serum (FBS). The pH of the buffer
was 7.4 under 5% CO2. Cells were maintained at 37 °C and 5 % CO2 and were trypsinized
every 3-4 days and split at 1:3-1:6 ratio. For toxicity evaluation, the cell culture medium
was supplemented with antibiotics (1% penicillin/streptomycin). Nanocytotoxicity
was assessed by evaluating the metabolizing capacity of cells via conversion of a
tetrazolium compound ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS(a)]) to a colored soluble formazan
(CellTiter 96® AQueous One Solution Reagent, Promega). The amount of produced
formazan was assessed by spectrophotometric evaluation at 490 nm. To calculate
percentage viability, the absorbance values at 490 nm were normalized to the
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absorbance of untreated cells cultured in hexaplicate in each plate. The mean of the six
wells with untreated cells was used for the normalization.
The 1.8 mg/mL BSA-containing stock CNPs dispersions in Milli-Q water were further
diluted in biological media for the biological tests. For the assessment, cells were seeded
at 10 000 cells per well in the inner wells of a 96 well plate. After 24 h, cells were
exposed to nanoparticles at doses of 100 µg/mL, 50 µg/mL, 25 µg/mL, 10 µg/mL and 1
µg/mL, each concentration assessed in triplicate (separate dilutions from the stock
solution). On each 96 well plate, one type of CNPs was assessed. Controls consisting of
cells not exposed to nanoparticles, nanoparticles in medium with no cells present,
medium with neither nanoparticles nor cells, and positive control CdSO4 (doses 150 µM
down to 9.4 µM, which are equal to 31.3 and 2.0 µg/mL, respectively) were included on
each plate. After 24 h exposure with nanoparticles, the cells were photographed at 10x
magnification before they were washed once with cell culture medium. Thereafter, the
MTS reagent was added and cells were returned to the incubator for 1 h. Care was taken
to avoid formation of bubbles upon addition of the MTS reagent to wells. After the
incubation period, supernatants were transferred to new 96 well plates and formazan
absorbance was measured at 490 nm using a Synergy 2 plate reader (BioTek Inc., VT,
U.S.). Three independent biological runs were performed. Potential interference of NPs
with the assay was controlled by inclusion of CNPs added to medium alone in two
columns on each plate. These blanks underwent the same procedure as the exposed
cells throughout the assay. The averaged absorbance values from these CNP blanks
were subtracted from absorbance values for corresponding cells incubated with the
same concentration of CNPs or chemical positive control, respectively.

7.3 Results and discussion
The particle size analysis performed on the TEM images (Figure 7.1) showed that the
shorter nanorods (Rods9) have a width of 10 ± 2 nm and a length of 90 ± 30 nm, while
the longer nanorods (Rods15) have a width of 11 ± 2 nm and a length of 160 ± 50 nm.
The nanocubes have an average size of 17 ± 4 nm, while the FSP-made nanoparticles
have an average size of 5 ± 2 nm. The FSP-made nanoparticles have a polyhedral
morphology, and a small portion of them displays an octahedral shape. It is worthwhile
pointing out that for all four samples a small fraction of particles shows a non-specific
morphology and a variable size smaller than 2 nm.
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All samples are heavily agglomerated, even after the ultrasonication procedure, as can
be seen in Figure 7.1. Due to the agglomerated state of the samples, only particles that
could be recognized without doubt were included in the particle size calculation.

Figure 7.1: TEM images and particle size distribution of the CeO2 nanorods with an aspect ratio
of 9 (a), nanorods with an aspect ratio of 15 (b), nanocubes (c), and FSP-made particles (d). For
both types of nanorods, only the size distribution of the width is reported.

The N2 physisorption results are summarized in Table 7.1. The FSP-made particles
exhibit the highest specific surface area, while the nanocubes show the lowest value.
The specific surface area values are comparable to what was obtained in previous
studies [7]. The surface area displayed by the FSP-made nanoparticles is much higher
than what normally is obtained for CeO2 materials, and this is in line with the smaller
particle size. None of the CNPs showed relevant microporosity.
All charge density measurements were performed at basic pH, in the range 8-9 by added
NH3/NH4+ buffer in order to being able to generate the maximum amount of negative
surface groups, verified by a large negative streaming potential at the start of the charge
titration. The titration measurements gave a charge density in the range of −0.06 to
−0.05 mEq/g for all CNPs with a fair reproducibility. The raw charge density data in
mEq/g were converted into surface-specific data by dividing the charge value by the
surface area of the sample. The results reported in Table 7.1 show a relatively high
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charge surface density for the cubes and low for the FSP CNPs while the rod-shaped
CNPs have similar intermediate values. This then points to differences at the crystal
faceting in terms of which facets and in which amount they are exposed for the different
synthesis routes followed.
Table 7.1: BET surface area and surface charge density of the CeO2 nanoparticles.
Sample

BET area
(m2/g)

Charge density
[mEq/m2]

Rods9

87

−6.3·10−4

Rods15

78

−7.1·10−4

Cubes

28

−2.0·10−3

FSP

153

−3.6·10−4

The XRD patterns of CNPs synthesized by both hydrothermal and FSP methods are
shown in Figure 7.2. The peak broadening due to the small size of the CeO2 crystallites
is easily visible, especially in the case of the FSP-made samples. All samples show the
CeO2 diffraction peaks, which are consistent with the cubic fluorite structure and space
group Fm-3m reported in literature (ICCD card 43-1002) [14,37]. The calculation of
particle size by the use of the Scherrer method is not meaninfgul in this case, since the
equation approximates all particles to have a spherical shape. Due to this constraint,
applying the Scherrer equation to nanorod-shaped particles does not yield useful
results.

Figure 7.2: XRD patterns of the investigated CeO2 nanomaterials.
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The so far described tests had the purpose to characterize the bare CNPs. Subsequently,
further studies were performed on the CNPs in media that are closer to those commonly
employed in in vitro nanotoxicity studies [38].
The dynamic light scattering and ζ potential results are summarized in Table 2. Herein
the Zav is a measure of the hydrodynamic diameter and the ζ potential the surface charge
of the CNP aggregates. Moreover the polydispersity index (PDI) and the ζ-range
represent the corresponding distribution widths. The pH of the dispersed CNPs in 1 mM
KCl, here called the “natural pH”, differs considerably (between 4.5 and 6.4 in Table
7.2), as does the accompanying ζ potential, which we attribute to differences in the
synthesis procedure. The lowest natural pH value is displayed by the FSP-made
particles, corresponding to a large positive ζ potential. The FSP-made CNPs also possess
the highest value of the ζ potential range, with a wide distribution. The isoelectric point,
to be considered as a specific material (surface) property, is defined as the pH at which
nanomaterials have no net charge (ζ = 0 mV); at lower pH values the particles are
positively charged (ζ > 0 mV) while above it, they bear a negative charge (ζ < 0 mV). The
isoelectric point of the nanorods can be estimated close to 6, while the cubes have an
isoelectric point value lower than 5.8.
Table 7.2: Results of the DLS and ζ potential measurements.
CNPs type

Zav (nm)

PDI (-)

Natural pH

Ζ (mV)

Ζ range (mV)

Rods9

2231

0.295

6.43

−16.6

3.6

Rods15

2997

0.145

5.96

8.16

2.7

Cubes

1759

0.197

5.82

−9.88

3.2

FSP

557

0.477

4.51

34.4

10

It is noteworthy to point out that a reported isoelectric point, of CeO2 is found at a much
higher value of 6.75 [39]. The large values of Zav show that the CNPs exist in aggregates
of substantial sizes and as the PDI values of all samples are all higher than 0.1, this this
points to a broad hydrodynamic distribution. The results indicate that different
synthesis procedures and conditions sensitively influence the surface composition and
properties of the CNPs with different isoelectric points and charge density values. For
further biological tests, all CNPs were tested at equal pH by applying a buffer at a pH of
7.4 (Modified Eagle’s Medium, MEM supplemented with Glutamax™ and 10 % fetal
bovine serum). Before the biological tests, all CNPs were dispersed in a bovine serum
albumin (BSA)-containing solution, using a standardized protocol as described in the
Experimental Section, in order to achieve a better dispersion in the biological media
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and to prevent uncontrolled aggregation upon encounter with serum proteins in the
cell culture medium. To avoid immediate agglomeration of the different CNPs upon
dissolution in cell culture medium, a standardized protocol utilizing pre-coating with
BSA was employed. With this protocol, dispersions that were stable for at least 1 h in
cell culture medium were obtained for all particle types (data not shown). It is well
known that NPs dispersed in biological media will quickly be covered by a dynamic
protein corona, the nature of which will determine the cellular response to the NPs [40].
The BSA pre-coated CNPs were analyzed by TEM. All samples appear to be
homogeneously coated by the BSA (Figure 7.3).

Figure 7.3: TEM images of the CNPs after the pre-coating procedure in BSA: Rods9 (a), Rods15
(b), Cubes (c) and FSP (d).

The particles underwent cytotoxicity testing as described in the Experimental Section.
The results of the cytotoxicity tests are reported in Figure 7.4. CNPs were well tolerated
by both A549 cells and MRC-5 cells irrespective of morphology, despite the wide dose
range applied. The highest doses we applied can be considered particle overload doses
based on available calculated data for realistic and extreme in vivo exposures [30].
Indeed, optical microscopic observation of the cells shows a large extent of particle
deposits on the cellular surfaces (see Figure 7.5). Nevertheless, no adverse effect on
cellular metabolism could be detected for any of the cell lines (normally the limit for
classing an agent as cytotoxic is 70% viability where 100% viability means no
difference to the untreated control).
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Figure 7.4: Viability of A549 cells (left) and MRC-5 cells (right) after 24 h exposure to CNPs at
the doses indicated (bulk concentrations). The data represent the mean of three biological
replicates, each performed with triplicate wells. The error bars denote the standard deviation
between experiments.

Figure 7.5: Microscope images (10x magnification) of A549 cells: untreated (a), exposed to the
BSA-Rods9 dispersion (b), exposed to the BSA-Rods15 dispersion (c), exposed to the BSA-Cubes
dispersion (d), exposed to the BSA-FSP dispersion (e).

Our test results are in agreement with some previous studies [41–43] where CeO2 NPs
were shown to be well tolerated in vitro and in vivo and in some cases even showed a
protective, antioxidative effect. A few other studies show that CNPs might have adverse
biological effects [18,19,23]. Toxicity was observed in a THP-1 monocytic cell line
derived from macrophages but only for CeO2 rods of very high aspect ratio (>50) [24].
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In the present study, only rods of lower aspect ratio (9 and 15) were evaluated. Further,
Cho et al. made a comparison of 8 different in vitro assays with in vivo intratracheal
instillation in rat (lung inflammation model), and showed that CeO 2 in general was nontoxic in vitro, but showed some pro-inflammatory effects and caused hemolysis. In vivo
data showed a clear inflammatory effect with increased numbers of granulocytes in the
lung [44].

7.4 Conclusions
We tested a carefully selected set of CeO2 nanoparticles (CNPs) prepared by different
methods yielding different morphologies, aspect ratios, and surface properties,
including a sample prepared by flame spray pyrolysis. The FSP-made sample showed a
remarkably small particle size, which is often considered to be linked to toxicity.
Unexpectedly, this sample did not show any negative interference with A549 or MRC-5
lung cells, and neither did the hydrothermally prepared samples, regardless of
morphology and aspect ratio. Moreover, since the samples denominated Rods15 and
Cubes were synthesized by following a widely-used procedure, we believe that the lack
of toxicity of these particles is an important result for the safety of researchers working
with these materials. This further implicates that they are likely to be relatively well
tolerated in vivo, although further testing is needed to allow for a thorough risk
assessment. The combination of physicochemical characterization techniques and
biological in vitro tests applied to an extensive set of samples led to a comprehensive
cytotoxicity assessment of the selected set of CNPs.
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Summary and outlook
Metal-support interactions in Pd/CeO2 for environmental catalysis

In the perspective of the current need for a smart utilization of energy resources and a
strict emission control from mobile and static sources, innovative high-performance
catalytic systems need to be developed.
A major challenge is represented by the demand for cheaper catalysts. So far,
environmental catalysis has been dependent on noble metals, such as rhodium,
platinum and palladium. In order to decrease the costs, a possible approach is to
(partially) substitute the noble metal with a more economical alternative, such as base
metals. Another attractive approach is to tailor the metal-support interaction, so as to
enhance the performance while keeping the noble metal content low. Throughout this
work, palladium was chosen because of its higher abundance compared to other noble
metals, and the proven high activity in a wide range of environmental reactions.
Cerium dioxide (CeO2) has extensively been used for catalytic applications, especially
in internal combustion engines. One of its most remarkable properties is the oxygen
storage capacity (OSC): Ce can switch from a 4+ to a 3+ oxidation state in reducing
conditions, and revert back to the 4+ state when oxygen is added. Moreover, CeO2 can
support and stabilize noble metals nanoparticles, clusters and even single atoms
through strong metal-support interactions. Since decades, researchers have studied the
role of CeO2-noble metal interfaces and their influence in catalysis. These interesting
properties render CeO2 a common choice for applications in environmental catalysis
such as CO oxidation and NOx reduction as a high-OSC component. The synergistic
combination of palladium and cerium dioxide is known to facilitate the conversion of
environmental pollutants into non-harmful products. A challenge is posed by the
conversion of pollutants at low temperatures, encountered in the few minutes after a
vehicle has been started and also for longer times during winter months. This is
commonly referred to as the “cold start” problem. Accordingly, research has been
directed towards solving this cold start problem with the focus on catalyst design and
engineering aspects that can together boost low temperature conversion and
selectivity.
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Chapter 2 reports on the combination of in situ experimental and computational
approaches to study the surface of Pd-impregnated CeO2 nanorods and the mechanism
of CO oxidation. As previously stated by many researchers, synthesizing CeO2
nanostructures allows to precisely investigate structure-specific properties and
interactions with noble metals. Aberration-corrected TEM (AC-TEM) indicated that
CeO2 nanorods obtained with an optimized hydrothermal synthesis approach
predominantly expose the (111) surface, while deposition of 1 wt% palladium led to a
highly dispersed Pd active phase. The nature of these species was studied by means of
CO IR in the presence and absence of molecular O2. Combined with DFT calculations, we
could identify the presence of atomically dispersed palladium in oxidizing conditions,
along with a minority of oxygen-covered Pd clusters. Pd supported on CeO2 nanorods
(Pd/Rod) showed a much higher activity in CO oxidation than the bare nanorod ceria
support and other benchmark catalysts. Density functional theory (DFT) calculations
indicated that the catalytic cycle involves Pd1O species as a stable reaction intermediate
following a Langmuir-Hinshelwood-type mechanism. During the reaction, the catalyst
cycles through Pd1, Pd1O and Pd1O2 species, and reduction steps occur through
combination of CO coordinating to a Pd cation and reacting with an O atom attached to
Pd. Notably, there is no direct involvement of lattice oxygen atoms of the ceria support.
CO IR spectroscopy also showed that the highly dispersed Pd species are not stable in
reducing conditions, consistent with TEM investigations and DFT predictions.
The work described in Chapter 3 broadens this investigation of the Pd/Rod system by
comparison to a hydrothermally-synthesized nanocube-shaped support impregnated
with 1 wt% palladium. The cubes mainly expose the (100) surface. AC-TEM showed the
presence of small palladium nanoparticles on the cubes surface (diameter <2 nm). Via
an IR study combined with DFT calculations we were able to establish the presence of
single Pd1O sites as well. This catalyst displayed a much lower CO oxidation activity
than Pd/Rod, especially in the low temperature regime. A mechanistic approach was
followed in order to gain a deeper understanding about the substantial activity
difference between Pd/Rod and Pd/Cube. CO can adsorb on the very stable
Pd1O/CeO2(100) species. DFT calculations show that CO oxidation proceeds via a Marsvan Krevelen pathway, which is possible for the (100) surface because of the lower CeO binding energy compared to the (111) surface. Overall, the catalytic cycle for CO
oxidation on Pd/CeO2(100) involves a higher free energy barrier than on Pd/CeO2(111)
for CO2 formation, which explains with the experimentally observed activity difference.
A different method for the synthesis of high surface area CeO2 was explored in Chapter
4. Flame-spray pyrolysis (FSP) is a technique to prepare a variety of pure and mixed
oxides. It is a straightforward method that starts from an organic solution of the organic
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precursors of the oxides of choice. The solution is injected into a flame through a nozzle,
coming into contact with a high-rate methane and oxygen flow. The solution is divided
into droplets, which combust due to the highly oxidizing environment. FSP yields high
purity, high surface area catalytic supports at fairly high production rates. A wide range
of parameters can be varied to customize the final product. In our case, we verified that
the lower the injection rate in the flame, the smaller the particle size: we are able to
obtain CeO2 with surface areas between 130 and 200 m2/g, and particle sizes of a few
nanometers. FSP-made CeO2 support was impregnated with palladium following a
conventional procedure. Another one-step approach was to solubilize cerium
acetylacetonate and palladium acetylacetonate in one solution and inject this solution
directly in the flame, thus resulting in a Pd/CeO2 catalyst in a single step. These two
catalysts were compared to the Pd/Rod sample discussed in chapters 2 and 3. The FSPmade catalysts displayed a much higher CO oxidation activity at low temperature. The
absence of Pd in TEM images confirmed the very high metal dispersion in all of these
catalysts. By use of H2-TPR we were able to determine the presence of highly-dispersed
palladium species in tight contact with ceria. NAP-XPS (near-ambient pressure X-Ray
photoelectron spectroscopy) allows the study of the oxidation state and dispersion of
palladium under more realistic conditions (in the range of units of mbar), compared to
traditional XPS, which commonly requires ultra-high vacuum conditions (in the range
of 10-9 mbar). Therefore, NAP-XPS proved to be an excellent tool to link palladium
dispersion and oxidation state to catalytic activity. We studied CO oxidation as a
function of temperature and pretreatment by in situ IR and NAP-XPS. In the as-calcined
state, all samples showed highly-dispersed Pd species. Upon reduction, these species
were converted into highly-dispersed metallic Pd, which could be reverted to highly
dispersed Pd-O-Ce upon calcination for the FSP-made catalysts. On Pd/Rods, the
palladium phase appeared to be in a lower interaction with the support after recalcination. In situ EXAFS during exposure to the reaction feed at 50 °C showed the
transition of the initial well-dispersed Pd-O-Ce phase of Pd/FSP-one to partially
reduced and highly dispersed PdxOy clusters. The Pd/Rod sample retained a higher
dispersion in the same conditions, which may be due to the trapping of palladium by
ceria surface defects such as steps. We hypothesized that the higher low temperature
activity of the Pd/FSP-one sample is due to a moderate CO adsorption energy on the
more dynamic PdxOy clusters in close interaction with ceria, compared to a stronger CO
adsorption on the more isolated sites on Pd/Rod.
Doping CeO2 with first-row transition metals is a strategy to enhance its OSC without a
significant impact on the final catalyst cost. In Chapter 5, the procedure for obtaining
CeO2 by FSP was adapted to include iron in the ceria lattice. Different ceria supports
with varying Fe doping content were synthesized by FSP and the interaction between
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Fe and CeO2 was thoroughly characterized by H2-TPR, XRD and Diffuse-Reflectance UVVisible (DRUVis) spectroscopy. The resulting ceria supports had a very high surface
area (in the 150-180 m2/g range). TEM investigations showed that FSP-made CeO2 is
made up of primary particles of approximately 5 nm. The primary particle size
increased slightly with iron content, reaching 6 nm for a 20% atomic Fe loading. XRD
patterns did not evidence the presence of iron oxide-rich phases, suggesting the
incorporation of iron in the CeO2 lattice. This hypothesis was further supported by a
distinct XRD peak shift, which suggests a contraction of the lattice following the
inclusion of a smaller cation. H2-TPR showed the presence of small separate iron-oxide
phases for loadings higher than 10% molar. The presence of Fe ions in the ceria lattice
lowers the oxygen vacancy formation energy, which is evident from the shift of the TPR
feature characteristic for surface oxygen to lower temperature.
This enhanced surface reducibility is exploited in catalytic applications which require
oxygen, such as soot oxidation for diesel engines and reactions relevant to three-way
catalysis (TWC) in gasoline engines (CO oxidation, NO reduction). The iron-doped
supports outperform pure CeO2 in soot oxidation. It was found that the activity
correlates well with the iron content. The importance of doping ceria with iron was
confirmed by the much lower performance of a sample with a weak Fe-CeO2 interaction
prepared by impregnation. For TWC, relevant model reactions were chosen, such as CO
+ O2, CO + NO, CO + NO + H2 and CO + N2O. The supports were impregnated with 1 wt%
palladium. The iron-doped catalysts displayed higher activity in all the model reactions,
demonstrating the importance of Fe-CeO2 interaction. In the CO oxidation reaction, full
CO conversion was achieved at temperatures as low as 100 °C for Pd/Fe-CeO2 samples.
The samples with the highest iron loadings also showed the highest conversion and
selectivity towards N2 in the CO + NO and CO + NO + H2 reaction. This can be related to
the higher oxygen availability at low temperatures in samples containing a high iron
loading, as shown by H2-TPR. High N2 selectivity is closely related to the ability to
decompose N2O, which is the low-temperature product of NOx reduction and
intermediate to N2 formation. The iron-loaded samples displayed excellent
performance in N2O decomposition using CO as a reductant as well, which is assisted by
the highly-dispersed palladium species and the iron-promoted enhanced oxygen
availability.
Doping by copper was explored in Chapter 6. The catalytic performance in model TWC
reactions was compared to samples used in previous chapters. Metal-support
interaction was furthermore assessed by in situ EXAFS. The formation of high surface
area Cu-doped supports (up to 184 m2/g) was achieved by FSP. Copper doping caused
a strong shift of the low-temperature surface oxygen reduction peak in H2-TPR, which
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implies availability better reducibility of the surface. At low Cu content, the presence of
isolated Cu species which strongly interact with ceria is revealed, while larger CuO
species are apparent at higher Cu content. As previously reported in literature, Cucontaining catalysts display outstanding performance in NOx reduction. We
impregnated a selection of supports with 1 wt% Pd, and we performed TWC model
reactions, as previously done in chapter 5. The supports were pure FSP CeO2, Cu-doped
CeO2, Cu-impregnated CeO2, and Fe-doped CeO2. All the Pd-impregnated TM-containing
catalysts outperformed Pd/CeO2 both in conversion and selectivity. As before, CO
conversion was achieved at 100 °C for TM-containing catalysts, which is attributed to
the high oxygen availability. In the CO + NO and CO + NO + H 2 reactions, Cu-containing
catalysts display excellent N2 selectivity at low temperatures, which hints at a synergy
between Pd and Cu. Copper has previously been identified as an excellent adsorption
and cleaving site for NOx, and a promoter of selectivity towards N2 rather than N2O.
Detailed in situ Pd-K edge XAS studies were performed, which allowed the study the
chemical environment around Pd species after calcination and during TWC model
reaction conditions. Pd was highly dispersed in as-calcined catalysts, due to its strong
interaction with the support. Our experiments proved that in model reaction
conditions, Pd tends to reduce and aggregate in small clusters on the pure CeO2 and Fedoped supports. While the palladium phase was remarkably similar in these samples,
the enhanced N2 selectivity displayed by Pd/FSP-10_Fe in the CO + NO + H2 reaction
could be explained by the higher amount of oxygen vacancies generated by the addition
of iron in the lattice. Our in situ EXAFS experiments clearly showed the formation of a
Pd-Cu alloy in Cu-containing catalysts. The comparison of the catalytic activity data and
the EXAFS analysis suggested that the presence of the in situ formed Pd-Cu phase was
responsible for the high N2 selectivity displayed by Cu-containing catalysts. In addition
to this, the results of the CO+N2O reaction provided a strong clue that the ease of N2O
dissociation on Cu is an important aspect of the high N 2 selectivity. The similar Pd-Cu
coordination numbers and bond lengths obtained for the Cu-doped and the Cuimpregnated sample suggested that the copper which is initially doped in the CeO 2
lattice might relocate to the surface under reaction conditions.
Due to growing concerns on the safety of nanometer-sized materials, there is an urgent
need to develop reliable methods to characterize the surface properties of
nanoparticles and their interaction with the human body. Literature reports are
controversial: on one hand, CeO2 is known to quench free radicals due to its OSC, on the
other hand, the OSC of CeO2 itself is suspected of creating free radicals. Chapter 7
discusses the results obtained on CeO2 nanoparticles of different morphology and
aspect ratio prepared either with a hydrothermal method or FSP, as discussed in the
previous chapters. DLS, zeta-potential, TEM, and N2 physisorption methods were
155

employed to determine surface properties; we are able to prove that synthesis method
and precursors have a strong influence on the particle isoelectric point and surface
charge. Concerning nanoparticle exposure, the most likely scenario is the contact by
inhalation due to the particles becoming airborne. Human lung cell lines A549 and MRC5 are therefore chosen for the most representative results. Both cell lines successfully
came into contact with CeO2 nanoparticles and well tolerated the exposure, even at
amounts which are commonly considered as particle overload doses.
The results presented in this Thesis clearly point out how straightforward synthetic
methods are able to produce well-defined model catalysts. Through the use of model
catalysts, we were able to shine light on the mechanistic and surface-specific aspects of
ceria catalysis. Our work focused on the enhancement of the OSC of the support and on
the study of the metal-support interaction. The oxygen availability of the support was
increased by customized synthetic methods and by doping the support with
inexpensive base metals. Metal-support interaction was controlled by synthesizing
catalysts selectively exposing a specific CeO2 surface or by preparing the catalysts with
flame-spray pyrolysis.
Combining experimental techniques with DFT calculations has proved to be useful,
allowing a deeper mechanistic insight into surface intermediates and reaction
mechanism. The development of accurate in situ techniques has improved the
understanding of metal-support interactions at the molecular level, following surface
species and determining reaction products at the same time. A mechanistic approach
can aid in the development of more active and more selective catalysts by providing
understanding about the nature of the active sites.
An especially attractive technique is NAP-XPS, which has recently been used to evaluate
the dynamics of metals and supports in terms of oxidation state and metal/support
ratio. The possibility to follow the changes in palladium oxidation state and dispersion,
the Ce4+/Ce3+ ratio, and the interaction between a dopant and CeO 2 in reaction
conditions and under more realistic pressure and temperature values represents a
significant scientific advance.
As shown in the previous chapters, an appropriate choice of preparation method and
base metal was able to lead to a catalyst with good activity in the low temperature
regime. Further insight on the performance of these systems in the presence of oxygen
and water, which are known to inhibit reactivity and are normally present in the
exhaust feed would be of great relevance.
Concerning thermal stability of paramount importance for TWC applications, similar
preparation methods such as FSP used in this study can be employed to synthesize
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mixed ceria-zirconia oxides. These systems have long been known for their enhanced
thermal stability with respect to ceria and increased OSC. Ceria-zirconia mixed oxides
are already used in commercial applications to increase oxygen availability. The
exploitation of the palladium-copper synergy here discussed on these supports could
result in extremely attractive performances in the low temperature range and in
enhanced thermal stability to handle thermal excursions.
To conclude, aiming at developing novel or improved practical catalysts, one should
adopt a multi-disciplinary approach combining preparation methods that yield welldefined model systems, and in situ characterization techniques for resolving important
aspects of catalytic operation under conditions as close as possible to practice and
supportive DFT calculations.
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